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Abstract 
 
Springs are unique freshwater ecosystems that are often overlooked in discussions of global 
freshwater ecology and conservation.  Springs that emerge from the Great Artesian Basin (GAB) in 
Australia provide permanent wetland habitat in the arid and semi-arid zones that support a high 
diversity of endemic aquatic species. The majority of these species have a high risk of extinction 
due to their small geographic distributions and severe habitat loss.  However, most are poorly 
understood and unprotected.  They are mostly invertebrates for which basic taxonomic and 
ecological information is lacking.  Available data suggests that most species are endemic to GAB 
springs, have geographic distributions less than 50km2, and do not often occupy all springs within 
their distribution or all areas within each spring.  Extirpations in a single spring appear common, 
but an ever-shifting network of viable populations maintains species persistence.   
 
The majority of published literature concerning the GAB system focuses on the limited abilities of 
endemic organisms to disperse across the dry landscape between spring wetlands.  This has led to a 
strong focus on determining dispersal distances, population connectivity and applying 
metapopulation models to springs systems. This focus on dispersal may be overlooking the 
potential for environmental heterogeneity within and across springs to also influence patterns of 
distribution.  The match between the environmental conditions available and each species 
requirements can also influence patterns of distribution.  We currently have a poor understanding 
of the variance in environmental conditions provided in springs, how environmental conditions 
change in space and time, and how patterns of abundance and distribution of species endemic to the 
system relate to environmental variance.  Whilst dispersal limitation is undoubtedly an important 
process in this system, Autecological information is also needed to assess the importance of 
potential environmental limits on these specialised species.   
 
This thesis addresses environmental heterogeneity across GAB fed springs and its relationship with 
patterns of diversity and abundance in species endemic to the system, but particularly endemic 
macro-invertebrates.  It focuses on three relevant scales: across all spring complexes at a basin-
wide scale, across springs within a single complex and across microhabitats within springs.  It 
begins with a review of current knowledge concerning springs in Australia and the primary 
processes thought to be influencing the distribution and persistence of springs species (Chapter 1).  
It then presents the results of a basin-wide review of the taxa endemic to GAB springs and their 
distributions at a basin-wide scale, and assesses whether there are environmental correlates of high 
endemic diversity.  This review demonstrates that macro-invertebrates are the most diverse, that the 
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vast majority of species are geographically restricted and that the invertebrates are under-
represented in conservation legislation (Chapter 2).  Spring complexes vary considerably, and 
spring complexes with more springs within close Euclidean distance of other complexes are more 
likely to contain endemics, however environmental characteristics at this broad geographic scale 
are not strongly correlated with the number or diversity of endemic species (Chapter 2).  
 
The findings of Chapters 1 and 2 guide a subsequent research focus in this system on macro-
invertebrates, and particularly narrow-range endemic species of gastropod. Chapter 3 addresses 
the need to rapidly collect data in springs whilst ensuring the methods used are appropriate for 
sampling the full diversity of species and are comparable across different studies.  Alternative 
methods used to sample the diversity and abundance of spring macro-invertebrates are compared, 
and for each taxon an optimal sampling strategy is proposed.  These methods are used to survey 
gastropod species richness across one of the GAB spring systems biodiversity ‘hot spots’ (Pelican 
Creek), in order to assess how environmental heterogeneity across springs relates to the distribution 
of six snail species endemic to this site from three different families (Chapter 4). The majority of 
springs are unoccupied by any endemic snail species.  Some species occupy many springs (>20% at 
the complex) and some occupy few (<10%), and all have suffered extirpations and colonisations 
since the last survey in 2006-2008.  Most species endemic to Pelican Creek only occupy the largest 
and deepest springs with higher numbers of connections to other springs via wetland.  This 
suggests that deep spring pools are as important as connectivity for maintaining diversity in these 
springs. 
 
In Chapter 5 I ask whether this pattern occurs because deep spring pools provide different 
conditions to shallow tail areas, and whether species with limited distributions are restricted to 
these pool areas.  Most species were absent from, or had lower abundance in, areas of high 
environmental variability and had a distribution restricted to deep pool environments.  These pool 
areas are unique because they had stable water chemistry, temperature and water depth.  Some 
species persisted in areas of high environmental variability and endured the variable conditions that 
prevailed in tail areas, and were observed tracking these areas as they shifted through the seasons.  
This led me to ask if those species restricted to deep pools were less able to endure the 
environmental extremes that prevail in tail areas (Chapter 6).  No differences in the ability to 
endure short-term exposure (up to 24h) to any one factor (elevated conductivity, pH and 
desiccation) concordant with tail conditions were found across species.  However, one pool-
restricted species (Glyptophysa sp.) suffered sub-lethal effects within 24h exposed to elevated 
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conductivity, and experienced mortality within 7 days if high conductivity and pH were 
experienced in combination. 
 
This thesis has revealed previously overlooked insights into the species-specific environmentally 
mediated processes that compound with dispersal limitations to maintain the narrow distributions 
of GAB endemic species.  The majority of species studied here perished without the environmental 
stability afforded by strong flow from the basin into deep spring pools.  However, two species on 
opposite sides of the GAB system have escaped this dependence, and occupy ephemeral tail areas 
in high abundance.  Springs are not only diverse because species from a wide range of taxa are 
endemic to the ecosystem, but also because species have adapted different ways of persisting in the 
face of the inherent variability of environmental conditions in the system.  This has applications for 
our understanding of ecological processes in the GAB springs system and are discussed in light of 
the evolutionary history of species in springs and their conservation (Chapter 7). 
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“Go to the pine if you want to learn about the pine, or to the bamboo if you want to learn about the 
bamboo. And in doing so, you must leave your subjective preoccupation with yourself. Otherwise 
you impose yourself on the object, and do not learn.”  
- Matsuo Basho 
 
 
 
 
 
“We ask you to work with the land and not against it… We ask you to understand, to ‘read’ and 
‘listen’ to the land like we do. No matter what language you speak or write, whether it be Arrente 
or English, the damage to the land is evident…  
 
It is also imperative that non- indigenous people learn the meaning of the word ‘protection’.  For 
together we must care for the land and protect not only what you think is important… but to think 
how important the land is to everything in it… Once you think about these things as an Indigenous 
person does, and learn to respect the land and the kwatye (artesian water), maybe then you begin 
to understand the concept and importance of our Tjukurpa.” 
- Dean Ah Chee 
Lawman from the lower southern Arrente,  
Pitjantjatjara and Yankunytjatjara nations, who speaks for Irrawanyere (Dalhousie springs)  
Quote from Ah Chee (1995) 
 
 
 
 
Letting the days go by, let the water hold me down 
Letting the days go by, water flowing underground 
Into the blue again, into the silent water 
Under the rocks and stones, there is water underground. 
 
Same as it ever was 
Time isn’t holding us 
Time isn’t after us 
Same as it ever was” 
 
- excerpt from ‘Once in a lifetime’ by Talking Heads  
Written by Brian Eno, Christopher Frantz,  
David Byrne, Jerry Harrison, Tina Weymouth 
 
  
	 xv	
Table of Contents 
 
Chapter 1.  Introduction .................................................................................................................. 1 
Imperilled islands in a sea of aridity ........................................................................................... 1 
Current state of knowledge and conservation in Great Artesian Basin springs .......................... 5 
Alternative models in island-like systems .................................................................................. 9 
Outline of thesis ........................................................................................................................ 17 
 
Chapter 2.  Patterns of endemic diversity and its conservation in  
Australia’s arid zone artesian springs .......................................................................................... 20 
Introduction ............................................................................................................................... 20 
Methods ..................................................................................................................................... 22 
Results ....................................................................................................................................... 31 
Discussion ................................................................................................................................. 47 
 
Chapter 3.  Determining optimal sampling strategies for monitoring  
endemic macro-invertebrates  ............................................................................................... 51 
Introduction ............................................................................................................................... 51 
Methods ..................................................................................................................................... 53 
Results ....................................................................................................................................... 57 
Discussion ................................................................................................................................. 63 
 
Chapter 4.  Relating patterns of patch occupancy, colonisations and  
extirpation to the environmental characteristics at a complex scale ................................. 67 
Introduction ............................................................................................................................... 67 
Methods ..................................................................................................................................... 69 
Results ....................................................................................................................................... 73 
Discussion ................................................................................................................................. 86 
 
Chapter 5.  Relating patterns of abundance and distribution to  
environmental variance at a within-spring scale .................................................................... 90 
Introduction ................................................................................................................................. 90 
Methods ....................................................................................................................................... 92 
Results ......................................................................................................................................... 97 
Discussion ................................................................................................................................. 109 
	 xvi	
 
Chapter 6.  Physiological tests of tolerance of environmental variance  ................................ 113 
Introduction ............................................................................................................................... 113 
Methods ..................................................................................................................................... 119 
Results ....................................................................................................................................... 123 
Discussion ................................................................................................................................. 132 
 
Chapter 7. Conclusions ................................................................................................................ 137 
Is dispersal the only determinant of distribution 
in this island-like system? ..................................................................................................... 138 
Autecological model for springs systems .................................................................................. 144 
Role of environment in the evolution of springs species .......................................................... 148 
Implications for the conservation of GAB springs .................................................................... 150 
 
List of References ......................................................................................................................... 156 
 
  
	 xvii	
Appendices 
Appendix 2-1. Tree used for calculating phylogenetic endemism ................................................ 175 
Appendix 2-2. List of all taxa excluded from the review and reasoning behind  
 their exclusion ........................................................................................................................... 176 
Appendix 2-3. Heat-map and species occurrences across complexes .......................................... 178 
Appendix 3-1.  Recommended methods for each taxa ................................................................. 180 
Appendix 7-1.   A reassessment of threatened species listing for invertebrates  
 endemic to GAB springs ........................................................................................................... 184 
 
 
List of Figures 
Figure 1-1.  The Great Artesian Basin and associated spring types .................................................. 2 
Figure 1-2.  Variety of Great Artesian Basin discharge springs ....................................................... 4 
Figure 1-3. The rapid rate of species discovery in Great Artesian Basin springs ............................. 6 
Figure 1-4. Flow diagram of dispersal and environmental limits  .................................................. 10 
Figure 2-1. Springs and examples of endemic flora and fauna  ...................................................... 21 
Figure 2-2. Spring supergroups and examples of complexes ......................................................... 23 
Figure 2-3. The number and current status of GAB discharge springs ........................................... 31 
Figure 2-4. Types of distribution and the proportion taxa with each distribution type .................. 36 
Figure 2-5. Maps of the GAB showing the spatial variance in endemic biodiversity  
 across GAB spring complexes .................................................................................................... 39 
Figure 2-6. The conservation rank awarded to each complex, the proportion of springs conserved 
in each complex ........................................................................................................................... 42 
Figure 2-7. Map of the GAB showing the proportion of protected springs in each complex ......... 43 
Figure 2-8. The alignment of conservation actions protecting species endemic to GAB springs .. 45 
Figure 2-9. The proportion of taxa in each category of data deficiency ......................................... 46 
Figure 2-10. Updated estimate of the number of endemic taxa in GAB discharge springs ............ 49 
Figure 3-1. Springs and the areas within them used in method comparison ................................... 54 
Figure 3-2. Dissimilarity of samples taken with different methods in  
different areas  ............................................................................................................................. 58 
Figure 3-3. Macro-invertebrate diversity in each spring and area of the spring ............................. 60 
Figure 3-4. Species-area curves showing the difference between methods and springs ................ 61 
Figure 4-1. Patterns of occupancy across springs in 2 survey years ............................................... 74 
Figure 4-2. Photographs of springs of different sizes and depths ................................................... 76 
Figure 4-3. Spatial variance in environmental characteristics of springs ....................................... 77 
	 xviii	
Figure 4-4. nMDS showing the dissimilarity in environmental characteristics of springs ............. 78 
Figure 4-5. Bi-plots of each environmental variable showing patterns of occupancy  
 and population persistence in Glyptophysa sp., Gy. edgbastonensis and Ga. fontana ............... 81 
Figure 4-6. Bi-plots of each environmental variable showing patterns of occupancy  
 and population persistence in J. acuminata, J. jesswiseae and J. edgbastonensis ...................... 82 
Figure 4-7. Patterns of occupancy and population persistence across springs  
 in environmental ordination space .............................................................................................. 83 
Figure 4-8. Patterns of diversity across springs in environmental ordination space ....................... 84 
Figure 4-9.  Habitat degradation caused by pigs on the Edgbaston springs ................................... 88 
Figure 5-1. Environmental variance within a 24h period ............................................................... 98 
Figure 5-2. Environmental variance across four seasons ................................................................ 99 
Figure 5-3. Photographs demonstrating spatiotemporal variance in springs ................................ 100 
Figure 5-4. Depth profile maps of all studied springs ................................................................... 102 
Figure 5-5. nMDS ordination showing extent of environmental similarities  
 across springs and areas within them through the seasons ........................................................ 103 
Figure 5-6. Depth profile maps of three springs with the abundance of all six focal  
 species through each sample season .......................................................................................... 105 
Figure 5-7. The relationship between environmental variables and snail abundance  
 and occupancy ........................................................................................................................... 108 
Figure 5-8. The similarity of environmental limits of the study species ...................................... 109 
Figure 6-1. Proportion of snails surviving extreme treatments ..................................................... 124 
Figure 6-2. Proportion of individuals surviving extreme treatments from different populations . 126 
Figure 6-3. Ordination showing the similarities in environmental limits across populations of each 
species ....................................................................................................................................... 127 
Figure 6-4. Response time of Glyptophysa sp. exposed to extreme treatments ............................ 128 
Figure 6-5. The survival of Glyptophysa sp. when exposed to extreme treatments in isolation or 
synergy ...................................................................................................................................... 129 
Figure 6-6. Ordination showing the similarities between the environmental limits of snails endemic 
to Pelican Creek and Kati-Thanda (Lake Eyre) ........................................................................ 131 
Figure 7-1.  Relative importance of dispersal and environmental processes ................................ 140 
Figure 7-2.  Environmental limits of two species (modelled after Fig. 1-4) ................................. 142 
Figure 7-3.  Heterogeneity in environmental conditions within a single spring ........................... 145 
Figure 7-4. Mass mortality of snails and subsequent re-colonisation ........................................... 150 
 
  
	 xix	
List of Tables 
Table 2-1.  List of environmental predictors used in biodiversity models ...................................... 24 
Table 2-2.  List of metrics used for measuring endemic springs biodiversity ................................ 27 
Table 2-3.  Scoring metrics used to assess data deficiency ............................................................. 30 
Table 2-4.  List of all taxa included in the review of patterns of biodiversity ................................ 33 
Table 2-5. The 76 spring complexes containing endemic taxa ....................................................... 37 
Table 2-6. Correlation between biodiversity estimates ................................................................... 38 
Table 2-7. Results of models of relationship between environmental characteristics  
 and endemic diversity .................................................................................................................. 41 
Table 3-1. Review of sampling methods used in GAB spring studies ............................................ 52 
Table 3-2. Diversity of macro-invertebrates found in this survey and previous surveys ................ 59 
Table 3-3. Differences in abundance estimates made by each method ........................................... 62 
Table 3-4. Differences in abundance estimates made in each area ................................................. 62 
Table 3-5. Differences in gastropod abundance estimates made by two coring methods ............... 63 
Table 4-1. Springs occupied by gastropods in two surveys ............................................................ 74 
Table 4-2. Results of ANOVA testing different environmental variables ...................................... 85 
Table 4-3. Estimated area of occupied wetland  ............................................................................. 87 
Table 5-1. Environmental summary of the sampled springs ......................................................... 101 
Table 5-2. Difference in average environmental conditions across pool and tail areas of springs104 
Table 5-3. Difference in abundance of snails across pool and tail areas of springs ...................... 106 
Table 5-4. Average abundance and population estimates for each snail species .......................... 107 
Table 6-1. Average environmental conditions in pool and tail areas of springs ........................... 114 
Table 6-2. Summary of the environmental limits of snails endemic to Pelican Creek ................. 116 
Table 6-3. Summary of the environmental limits of snails endemic to  
 Kati-Thanda (Lake Eyre) .......................................................................................................... 117 
Table 6-4. Differences in the environmental characteristics of the two sampled springs ............. 119 
Table 6-5. The responses of snails endemic to Pelican Creek to the tests  
 of Ponder et al. (2010) ............................................................................................................... 130 
Table 7-1.  Environmental limits of snails endemic to Pelican Creek complex ........................... 153 	
 
  
	 xx	
Appendices 
Appendix 2-1. Tree used for calculating phylogenetic endemism ................................................ 207 
Appendix 2-2. List of all taxa excluded from the review and reasoning behind  
 their exclusion ........................................................................................................................... 208 
Appendix 2-3. Heat-map and species occurrences across complexes .......................................... 211 
Appendix 3-1.  Recommended methods for each taxa ................................................................. 213 
Appendix 7-1.   A reassessment of threatened species listing for invertebrates  
 endemic to GAB springs ........................................................................................................... 172 
 
 
List of Figures 
Figure 1-1.  The Great Artesian Basin and associated spring types .................................................. 3 
Figure 1-2.  Variety of Great Artesian Basin discharge springs ....................................................... 5 
Figure 1-3. The rapid rate of species discovery in Great Artesian Basin springs ............................. 7 
Figure 1-4. Flow diagram of dispersal and environmental limits  .................................................. 12 
Figure 2-1. Springs and examples of endemic flora and fauna  ...................................................... 25 
Figure 2-2. Spring supergroups and examples of complexes ......................................................... 28 
Figure 2-3. The number and current status of GAB discharge springs ........................................... 38 
Figure 2-4. Types of distribution and the proportion taxa with each distribution type .................. 43 
Figure 2-5. Maps of the GAB showing the spatial variance in endemic biodiversity  
 across GAB spring complexes .................................................................................................... 46 
Figure 2-6. The conservation rank awarded to each complex, the proportion of springs  
 conserved in each complex ......................................................................................................... 48 
Figure 2-7. Map of the GAB showing the proportion of protected springs in each complex ......... 50 
Figure 2-8. The alignment of conservation actions protecting species endemic to GAB springs .. 52 
Figure 2-9. The proportion of taxa in each category of data deficiency ......................................... 53 
Figure 2-10. Updated estimate of the number of endemic taxa in GAB discharge springs ............ 56 
Figure 3-1. Springs and the areas within them used in method comparison ................................... 62 
Figure 3-2. Dissimilarity of samples taken with different methods in  
different areas  ............................................................................................................................. 66 
Figure 3-3. Macro-invertebrate diversity in each spring and area of the spring ............................. 69 
Figure 3-4. Species-area curves showing the difference between methods and springs ................ 70 
Figure 4-1. Patterns of occupancy across springs in 2 survey years ............................................... 66 
Figure 4-2. Photographs of springs of different sizes and depths ................................................... 88 
Figure 4-3. Spatial variance in environmental characteristics of springs ....................................... 89 
	 xxi	
Figure 4-4. nMDS showing the dissimilarity in environmental characteristics of springs ............. 90 
Figure 4-5. Bi-plots of each environmental variable showing patterns of occupancy  
 and population persistence in Glyptophysa sp., Gy. edgbastonensis and Ga. fontana ............... 93 
Figure 4-6. Bi-plots of each environmental variable showing patterns of occupancy  
 and population persistence in J. acuminata, J. jesswiseae and J. edgbastonensis ...................... 94 
Figure 4-7. Patterns of occupancy and population persistence across springs  
 in environmental ordination space .............................................................................................. 95 
Figure 4-8. Patterns of diversity across springs in environmental ordination space ....................... 96 
Figure 4-9.  Habitat degredation caused by pigs on the Edgbaston springs ................................. 101 
Figure 5-1. Environmental variance within a 24h period ............................................................. 113 
Figure 5-2. Environmental variance across four seasons .............................................................. 115 
Figure 5-3. Photographs demonstrating spatiotemporal variance in springs ................................ 117 
Figure 5-4. Depth profile maps of all studied springs ................................................................... 119 
Figure 5-5. nMDS ordination showing extent of environmental similarities  
 across springs and areas within them through the seasons ........................................................ 121 
Figure 5-6. Depth profile maps of three springs with the abundance of all six focal  
 species through each sample season .......................................................................................... 124 
Figure 5-7. The relationship between environmental variables and snail abundance  
 and occupancy ........................................................................................................................... 128 
Figure 5-8. The similarity of environmental limits of the study species ...................................... 129 
Figure 6-1. Proportion of snails surviving extreme treatments ..................................................... 147 
Figure 6-2. Proportion of individuals surviving extreme treatments from different populations . 149 
Figure 6-3. Ordination showing the similarities in environmental limits across populations of each 
species ....................................................................................................................................... 151 
Figure 6-4. Response time of Glyptophysa sp. exposed to extreme treatments ............................ 152 
Figure 6-5. The survival of Glyptophysa sp. when exposed to extreme treatments in isolation or 
synergy ...................................................................................................................................... 153 
Figure 6-6. Ordination showing the similarities between the environmental limits of snails endemic 
to Pelican Creek and Kati-Thanda (Lake Eyre) ........................................................................ 155 
Figure 7-1.  Relative importance of dispersal and environmental processes ................................ 166 
Figure 7-2.  Environmental limits of two species (modelled after Fig. 1-4) ................................. 168 
Figure 7-3.  Heterogeneity in environmental conditions within a single spring ........................... 171 
Figure 7-4. Mass mortality of snails and subsequent re-colonisation ........................................... 177 
 
  
	 xxii	
List of Tables 
Table 2-1.  List of environmental predictors used in biodiversity models ...................................... 29 
Table 2-2.  List of metrics used for measuring endemic springs biodiversity ................................ 33 
Table 2-3.  Scoring metrics used to assess data deficiency ............................................................. 36 
Table 2-4.  List of all taxa included in the review of patterns of biodiversity ................................ 40 
Table 2-5. The 76 spring complexes containing endemic taxa ....................................................... 44 
Table 2-6. Correlation between biodiversity estimates ................................................................... 45 
Table 2-7. Results of models of relationship between environmental characteristics  
 and endemic diversity .................................................................................................................. 49 
Table 3-1. Review of sampling methods used in GAB spring studies ............................................ 60 
Table 3-2. Diversity of macro-invertebrates found in this survey and previous surveys ................ 67 
Table 3-3. Differences in abundance estimates made by each method ........................................... 71 
Table 3-4. Differences in abundance estimates made in each area ................................................. 72 
Table 3-5. Differences in gastropod abundance estimates made by two coring methods ............... 72 
Table 4-1. Springs occupied by gastropods in two surveys ............................................................ 85 
Table 4-2. Results of ANOVA testing different environmental variables ...................................... 97  
Table 4-3. Estimated area of occupied wetland  ........................................................................... 100 
Table 5-1. Environmental summary of the sampled springs ......................................................... 118 
Table 5-2. Difference in average environmental conditions across pool and tail areas of springs122 
Table 5-3. Difference in abundance of snails across pool and tail areas of springs ...................... 125 
Table 5-4. Average abundance and population estimates for each snail species .......................... 127 
Table 6-1. Average environmental conditions in pool and tail areas of springs ........................... 136 
Table 6-2. Summary of the environmental limits of snails endemic to Pelican Creek ................. 138 
Table 6-3. Summary of the environmental limits of snails endemic to  
 Kati-Thanda (Lake Eyre) .......................................................................................................... 139 
Table 6-4. Differences in the environmental characteristics of the two sampled springs ............. 141 
Table 6-5. The responses of snails endemic to Pelican Creek to the tests  
 of Ponder et al. (2010) ............................................................................................................... 154 
Table 7-1.  Environmental limits of snails endemic to Pelican Creek complex ........................... 181 
 
 
  
	 xxiii	
List of Abbreviations used in thesis 
AIC – Aike’s information criterion 
AoO – Area of Occupancy 
AUC – Area under the curve 
CAPAD - Collaborative Australian protected area database 
CD – Conservation dependant 
CE/CR – Critically endangered 
DD – Data deficient 
EN – Endangered 
EoO – Extent of occurrence 
EPBC – Environmental Protection and Biodiversity Act 
FoO – Frequency of occurrence 
GAB – Great Artesian Basin 
GABSI – Great Artesian Basin sustainability initiative 
GABCC – Great Artesian Basin coordinating committee 
GPP – Gross primary productivity 
IUCN – International Union for the Conservation of Nature 
LEBSA – Lake Eyre Basin springs assessment 
NPP – Net primary productivity 
NL – Not listed 
NT – Near threatened 
PD – Phylogenetic diversity 
PE – Phylogenetic endemism 
RES – Plant respiration 
ROC – Receiver operating curve 
TE – Taxonomic endemism 
VU – Vulnerable 
 
 
  
	 1	
Chapter 1 – Introduction 
 
Imperilled islands in a sea of aridity 
Freshwater environments are amongst the most altered and under-conserved global ecosystems, 
despite being ‘hot spots’ of cultural significance and endemic diversity (Abell et al., 2008; Geist, 
2011; Strayer & Dudgeon, 2010). Freshwater surface systems that depend on groundwater, such as 
springs, are particularly vulnerable because increasing water demands are leading to significant 
anthropogenic alteration of the aquifers that feed them (Cantonati et al., 2012a; El-Saied et al., 
2015; Fairfax & Fensham, 2002, 20013; Famiglietti, 2014; Fensham et al., 2016; Kreamer & 
Springer, 2008; Stevens & Meretsky, 2008; Unmack & Minckley, 2008). Despite the pertinent 
threats springs face, they are rarely included in global assessments of freshwater ecology or 
conservation (Cantonati et al., 2012a).  Springs are unique and diverse freshwater ecosystems that 
emerge in a diverse range of contexts, but those in arid regions are particularly important because 
they provide a reliable source of water in areas characterised by water scarcity and impermanence 
(Box et al., 2008; Davis et al., 2013; Shepard, 1993).  They act as 'islands’ of hospitable wetland in 
a ‘sea’ of aridity (Ponder, 1995) that are used as watering points for broadly distributed species, 
and provide critical wetland environments for suites of organisms endemic to springs (Brown et al., 
2008; Fensham et al., 2011; Myers & Resh, 1999).  Extensive spring systems are present in the arid 
and semi-arid regions of most continents, with each region sharing parallel stories of uniqueness, 
fragility and destruction (Powell & Fensham, 2016; Unmack & Minckley, 2008). 
 
In Australia, the Great Artesian Basin (GAB) feeds an extensive system of arid-zone springs.  The 
GAB is one of the worlds largest actively recharging artesian systems not in a serious state of 
decline (Richey et al., 2015), stretching beneath the eastern portion of the arid and semi-arid 
portions of the Australian continent (Fensham & Fairfax, 2003; Habermehl, 1982; Love et al., 
2009; Smerdon et al., 2012).  Springs associated with the GAB form in one of two ways 
(Habermehl, 1982), generally referred to as ‘discharge’ springs and ‘recharge springs’.  Discharge 
springs are associated with the confined portions of the GAB (Figure 1-1).  They form when water 
that has entered the recharging sections progresses into the confined sections, and then discharges 
at the surface where the confining layers (or aquitard) are thin or weakened by faults (Figure 1-1 b 
and c).  Due to its long residence within the GAB (~1 million years) (Smerdon et al., 2012), the 
water that feeds discharge springs generally has hard alkaline water chemistry, with high total 
dissolved solids and low dissolved oxygen when it emerges at the vent.  These discharge springs 
are clustered at a range of scales; individual springs can be composed of multiple vents, these 
springs are clustered into spring 'complexes’ where numerous springs form in the same geological 
context (generally within ~50km2), and these 'complexes’ are regionally gathered into 
	 2	
'supergroups’ (Figure 1-1a).  In contrast to these discharge springs, recharge springs occur where 
water enters an aquifer but emanates locally. These occur in the eastern portions of the GAB if 
water enters geological formations associated with the aquifer, but emerges as springs before the 
water enters confining layers, or in aquifers overlaying the confined sections of the GAB (Figure 1-
1 b and c).  
Figure 1-1.  a) The Great Artesian Basin (GAB), overlayed on the eastern third of the Australian continent, 
comprises two regions – the recharge region where most of the water enters the basin (dark grey with 
stipple) and the discharge region where the basin is confined and water that reaches the surface does so only 
through weaknesses in confining layers (light grey with stipple).  Spring supergroups are delineated by 
numbered dashed circles, b) a cross-section of the GAB showing the general path of water movement and 
four types of springs, c) detail regarding types of springs and their connection to groundwater and the GAB. 
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Discharge springs fed by the GAB emerge as a huge variety of surface manifestations.  Globally, 
springs form in a range of morphologies in a broad range of contexts, which has led to a varied set 
of location-specific definitions of spring types (Springer & Stevens, 2008).  According to 
conventional classification systems used in the Americas (Springer & Stevens, 2008) and Europe 
(Cantonati et al., 2012a), GAB springs have primarily limnocrenic and carbonate mound-forming 
morphologies – they generally emerge as lentic pools in low altitude contexts, and rarely outflow 
into lotic creeks or from geysers.  Particular types pervade in certain regions. The Springvale 
supergroup is primarily recharge springs, though a few discharge springs are present (Figure 1-2a).  
In the Eulo supergroup, mud springs (either flat or mounded) and water springs are present 
(sometimes in close proximity), each having distinct morphologies and biological values (Figure 1-
2b for a mounded mud spring) (Commonwealth of Australia, 2014).  In the Barcaldine and 
Springvale supergroups, discharge springs are primarily water springs that form flat and shallow 
pools carpeted in vegetation (similar to water springs in Eulo, Figure 1-2c and d), though some 
form small mounds.  Few active discharge springs remain in the Bourke and Bogan River 
supergroups.  The same can be said for the Flinders River supergroup, though historical evidence 
and some remaining active discharge springs in the area suggest that large peaty mounds with 
Pandanus swamps are the predominant type of springs in this region (Figure 1-2e) (Fensham et al., 
2004a).  Springs that emerge where the GAB outcrops onto the surface, on the south-western 
margin, have some of the largest flow rates.  For example, the Irrawanyere (Dalhousie supergroup) 
springs have vast deep spring pools (Figure 1-2f), and outflowing spring tails hundreds of meters 
long.  Large carbonate mound springs are found surrounding Kati Thanda (Lake Eyre supergroup) 
(Figure 1-2g), as well as smaller water springs that form little or no mound (Figure 1-2h). 
 
Arid zone springs fed by the GAB have been a focus of both Indigenous and colonial land-use 
because they provide a reliable source of water in a prevailingly dry context. The chain of GAB 
springs that extends from Kati-Thanda (Lake Eyre) to northeast Queensland are vital points in the 
song-lines of numerous Indigenous nations (Harris, 2002; Potezny, 1989; Robins, 1998), and 
remain important sources of material and spiritual inspiration for traditional custodians (Ah Chee, 
1995; McKellar, 1984). Springs facilitated the occupancy and stocking of the arid interior during 
the early colonial period, and by 1895, water inspectors documented the use and alteration of many 
Queensland springs (Fairfax & Fensham, 2002; Fensham et al., 2016). Physical alteration of 
springs and extraction of water from the GAB using bores drastically increased with agricultural 
intensification, leading to increased extraction volumes and decreased water pressure within the 
GAB.  This caused a large proportion of springs to become dormant (Fairfax & Fensham, 2002; 
Fairfax & Fensham, 2003; Fensham et al., 2016; Powell et al., 2015). The loss of GAB springs is 
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of particular concern because of their extremely high biological values, and because their demise is 
a sign of the broader issue of diminished pressure in the aquifer at large. Whilst nation-wide 
schemes to regain GAB pressure by capping excessive bores have been enacted (e.g. the GAB 
Sustainability Initiative (GABSI) (Hassal, 2003; GABCC, 2009; Sinclair, 2014), springs rarely 
return (Fensham et al. 2016). 
Figure 1-2.  Discharge springs fed by the Great Artesian Basin come in a vast array of morphologies, some 
of which are restricted to particular supergroups, and some of which co-occur within a single spring 
complex. a) Water springs at Scotts Creek, Springsure supergroup, b) muddy mound springs in the Farnham 
south complex, Eulo supergroup, c) small water springs at the Pelican Creek complex, Barcaldine 
supergroup, d) large water springs, some of which form small mounds (in background) at the Elizabeth 
Springs complex, Springvale supergroup, e) Peat mound springs in the Flinders River supergroup, f) large 
pools over 8m deep at the Irrwanyere (Dalhousie) springs, Dalhousie supergroup, g) huge carbonate mounds 
(see the author standing at the base of the mound for scale) in the Panki Warrunha (Strangways) complex, 
Lake Eyre supergroup, h) flat vegetated water springs at the Yardiya (Freeling) complex, Lake Eyre 
supergroup.  All photos by Renee Rossini, except for a, b and e used with the permission of Rod Fensham. 
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Discharge springs that survived the broad-scale habitat loss that occurred post 1890 are still 
exposed to a range of threatening processes (Davis et al., 2017). Continued extraction of water 
from the GAB creates further drawdown, continuing to cause the extinction of springs and 
populations of endemic species that occupy them (Mudd, 2000), or the permanent alteration of 
spring chemistry (Shand et al., 2013).  Industries with high water demands (e.g. mines and 
intensive agriculture) magnify this threat, and models of how these threats will affect springs and 
their biodiversity provide limited predictions at best (Kinhill, 1997; Mudd, 2000). Springs that 
survive drawdown remain exposed to introduced ﬂora and fauna. Introduced plants and nutrient-led 
changes to dynamics in native species mean that particular species grow to dominate springs 
(Davies et al., 2010; Fensham et al., 2010; Holmquist et al., 2011), and can diminish the spring 
pools vital to the persistence of aquatic animals (Kodric-Brown & Brown, 2007). Ungulates 
trample springs, with pigs being particularly destructive as they actively uproot vegetation 
(Fensham et al., 2010; Kovac & Mackay, 2009). Invasive aquatic fauna living within the springs 
(including invertebrates, amphibians and fish) consume or compete with species endemic to 
springs, in some cases to the point of potential extinction (Kerezsy & Fensham, 2013).  Although 
the excessive drawdown associated with unchecked extraction from the GAB has ceased, these 
processes continue to threaten the unique biodiversity that exists in GAB springs. 
 
 
The current state of knowledge and conservation in Great Artesian Basin springs 
 
Discharge springs contain a distinct set of flora and fauna compared to other arid zone freshwater 
ecosystems.  The first species was described from GAB springs in 1896 (Zietz, 1896), with 
investigations into the ﬂora and fauna of the GAB discharge spring ecosystems beginning in 
earnest from the 1980s (Ponder et al., 1989; Ponder & Clark, 1990).  These early studies revealed a 
wide diversity of species, and species descriptions continue at a rapid rate (Figure 1-3). Modern 
molecular techniques have provided particular insights, uncovering cryptic species complexes 
(King, 2009) and highlighting the importance of divergent populations within species endemic to 
GAB springs (Guzik et al., 2012;  Mossop et al., 2015; Murphy et al., 2013; Murphy et al., 2010; 
Ponder et al., 1995) as well as the relict and isolated nature of populations of coastal and tropical 
wetland species that, whilst not endemic to the system, represent populations with evolutionary 
histories distinct from their coastal counterparts (Clarke et al., 2013; Gellie et al., 2015).  In 
general, accumulating studies suggest that the GAB springs system is one of high biodiversity, 
composed primarily of taxa that are found only in springs fed by the GAB and that have small 
geographical distributions (<50km2) (Fensham et al., 2004b; Fensham et al., 2011; Harvey, 2002; 
Ponder, 1995).  Many species endemic to springs lack the adaptations other arid-zone aquatic flora 
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and fauna have that tune their life-histories to the “boom and bust” cycle of water availability in the 
aridzone (Arthington & Balcombe, 2011).  For example the diverse gastropod fauna endemic to 
springs are all completely aquatic and, unlike other arid zone gastropods, require permanent water 
with stable water chemistry and temperature (Davis et al., 2013; Ponder & Slatyer, 2010).  
Discharge springs are of vital importance for the persistence of such refuge inhabitants because 
they provide permanent water refuges in the arid zone (Davis et al., 2013). 
 
 
Figure 1-3.  Graphical representation of the rapid rate at which species endemic to GAB springs are being 
described, broken up into broad taxonomic categories denoted by shades of grey: fishes (black), molluscs 
(dark grey), amphipods and isopods (grey) and plants (light grey). 
 
 
Discharge springs associated with the GAB are thought to be so rich in species, and particular 
endemic taxa, due to two distinct processes.  First, they are mesic refuges in, what is now, an arid 
area.  In the quaternary history of the Australian continent, GAB springs are likely to have provided 
permanent sources of water as the continent was becoming increasingly drier (Byrne et al., 2008).  
For example, there is evidence to suggest that the large mounds in the south of the basin 
surrounding Kati Thanda (Lake Eyre) formed at least 750,000 years ago (Prescott & Habermehl, 
2008), though many of these occur in close proximity to mounds thought to have formed in the 
Pliocene (Travis Gotch, pers. coms.).  These points of permanent water through periods of climatic 
change “trapped” some of the diversity that undoubtedly persisted in the wetter, more mesic times 
before the aridification of the continents interior that culminated in the late Miocene (Ponder, 1985; 
Ponder & Slatyer, 2010).  In some cases, the colonisation of springs is posited to have occurred via 
multiple independent events, for example from surface systems as well as from the subterranean 
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stygofauna (Murphy et al., 2009).  After colonising in springs, the island-like nature of these 
fragmented refugia isolated populations from each other.  This eventually led to the development of 
divergent populations which, in many cases, have separated to the point of speciation (Murphy et 
al., 2015a), or at least to a point where each geographically bound population should be considered 
as an evolutionarily significant unit within the species (Murphy et al., 2015b).  In some cases, 
divergence events appear to have occurred in sympatry, or at least within the current distribution 
(Colgan & Ponder, 2000).  In others, divergence is posited to have occurred in allopatry, with each 
species later dispersing into a common area and differentiating further within the complex they are 
currently found (Ponder & Clark, 1990).   
 
The types of taxa that currently occupy, and are endemic to, GAB discharge springs are diverse; 
from algae through to vascular plants, and from small invertebrates like mites and seed shrimp 
(Ostracoda) to members of five families of fishes (Fensham et al., 2010; Ponder et al., 2010).  
Aquatic invertebrates appear to make up most of the “threatened community”, and gastropods seem 
to be particularly diverse in the system (Ponder, 1995) (a similar trend seen in arid zone springs of 
North America (Hershler et al., 2014)).  The current estimate of endemic invertebrate diversity is 
most likely an underestimate, as a large number of morphotypes and distinct clades remain 
undescribed (Guzik et al., 2012; Murphy et al., 2013; Murphy et al., 2015b; Ponder et al., 1995) 
and some taxa have not yet been the topic of system-wide sampling or analysis.  For example, 
small crustaceans such as the ostracods appear to be particularly diverse in the regions where in-
depth enquiry has occurred (De Deckker, 1979), and putative endemic species have been flagged 
from other regions but remain undescribed (Ponder et al., 2010).  Likewise the amphipod fauna of 
the southern springs have been thoroughly studied, resulting in their dissection from a single 
broadly distributed species into numerous highly localised species (Murphy et al., 2013).  
However, amphipods are also common and numerous in the northern spring supergroups (Ponder et 
al., 2010; Rossini et al., 2015), and whilst northern clades have been flagged as distinct from the 
southern species (Murphy et al., 2013), taxa in the north remain unassessed and undescribed.   
 
Amongst the species that have been described, few have been the subject of detailed published 
accounts regarding their population numbers, distribution or ecology.  For those where data is 
available, it appears common for species to be restricted to a single complex, or numerous 
complexes in the same locality (see Fensham et al. (2011)). Populations of species endemic to the 
system are rarely found in all springs within an occupied complex, and which springs are occupied 
tends to change through time (Fensham et al., 2004a,b; Fensham & Price, 2004; Kerezsy & 
Fensham, 2013; Ponder et al., 1989; Silcock et al., 2011; Worthington-Wilmer et al., 2008; 
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Worthington-Wilmer & Wilcox, 2007). Extirpations in a single spring seem relatively common 
over decadal time scales, but species persist within their geographic distribution due to an ever-
shifting set of viable populations (Worthington-Wilmer et al., 2011).  These patterns of spring 
occupancy appear to vary across species; different species occupy different sets of springs, and 
display different patterns of population connectivity (Murphy et al., 2010). As a consequence, some 
springs are more diverse (Fensham et al. 2004a,b; Kodric-Brown & Brown, 1993; Ponder et al. 
1989), or maintain populations over longer periods, whilst others host only one particular species 
for a short time (Worthington-Wilmer et al., 2011).  
 
As small geographic distributions appear to be the norm, it is probable that severe biodiversity 
losses accompanied the broad-scale loss of springs that occurred post 1890 (Commonwealth of 
Australia, 2014; Fensham et al., 2010).  Habitat loss that has not led to extinction is still associated 
with the loss of genetic diversity (Faulks et al., 2016), and the potential loss of cryptic species or 
clades before they were discovered or described (Mudd, 2000).  Despite the unique nature of GAB 
springs, and the severity of the threats they face, the system has only recently attracted 
conservation attention.  The ﬂora and fauna associated with springs came under Federal protection 
in 2001, under a blanket listing of “the community of native species dependant on natural discharge 
of groundwater from the GAB” within the Environmental Protection and Biodiversity Conservation 
Act (EPBC).  The effectiveness of this legislation is contingent on up-to-date and accurate 
information regarding patterns of endemic diversity.  However, appraisals of the species that 
compose the “threatened community”, their distribution, and the information available about them 
generally remain taxon (e.g. plants (Fensham & Price, 2004; Silcock et al., 2011), gastropods 
(Ponder & Slatyer, 2010)) or locality specific (De Deckker, 1979; Ponder et al., 2010) and, to date, 
the extensive review that accompanied the original Recovery Plan remains the only system-wide 
analysis of biodiversity across the full range of taxa in the system (Fensham et al., 2010).  Some 
species identified as being at particularly high extinction risk are afforded additional protection 
through individual listing (e.g. the fish Scaturiginichthys vermeilipinnis or the red-finned blue-eye, 
(Wager & Unmack, 2004)), but whether all species that require such additional protection are 
provided it is questionable at present, given that many invertebrates have small geographic 
distributions, experienced significant population declines and are classified as critically endangered 
under the IUCN (Ponder, 1996) but none are listed as threatened species individually within the 
EPBC.  
 
This lack of attention to invertebrates that are at risk of extinction in springs is representative of a 
global trend that hinders conservation efforts in freshwater systems (Bland et al., 2012; Cardoso et 
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al., 2011b; Strayer, 2006).  In Australia, populations of some of the most restricted and threatened 
invertebrate taxa remain un-monitored and un-managed on private grazing properties (e.g. 
Jardinella colmani, (Ponder, 1996)).  Data concerning the patterns of abundance and distribution of 
invertebrate species, and ongoing monitoring programs concerning species within the threatened 
community in general are rare, and those that do exist, employ different sampling methodologies 
that may render comparisons across species, across different types of taxa or across different 
regions inaccurate due to methodological biases (Cantonati et al., 2007; Cheal et al., 1993; Rosati 
et al., 2016). Current conservation practices generally focus on local scales, and rest heavily on 
stock exclusion and attempts to eradicate invasive ﬂora and fauna (Kinhill, 1997; Kodric-Brown & 
Brown, 2007; Ponder, 1986). However a lack of published base line data means the effectiveness of 
these management practices is often not objectively assessable (for exceptions see Davies et al. 
(2010), Kerezsy & Fensham (2013), and Kovac & Mackay (2009)).  Calls are being made for 
managed relocation and captive breeding programs to protect species from extinction (Olden, 
Kennard, Lawler, & Poff, 2011) and levels of ‘acceptable’ draw down are being set (Kinhill, 1997; 
Sparrow et al., 2015).  However the potential success of these initiatives is constrained by a lack of 
data regarding the true diversity, population numbers, patterns of occupancy and the environmental 
requirements of most endemic invertebrate species (Ponder & Walker, 2003).   
 
 
Alternative models to explain patterns of distribution in island-like systems 
 
In order to better protect and conserve species endemic to GAB springs, we need to better 
understand the processes that restrict their distributions and dictate the spatiotemporal dynamics of 
their populations.  For aquatic species, arid zone springs act as ‘islands’ of hospitable wetland in a 
‘sea’ of aridity.  Thus, ecological theories and models regarding patchy or ‘insular’ systems can 
provide insights into the mechanisms that may be at play (Drake et al., 2002).  There are two broad 
reasons why an aquatic species endemic to GAB springs could be absent from a spring, a complex 
or a supergroup; they may be unable to disperse there, and they may be absent because the area 
does not provide the environmental conditions that allow the species to colonise, or populations of 
the species to persist (referred to from here on as the ‘dispersal limitation’ and ‘environmental 
limitation’ respectively). These two processes are not mutually exclusive and are likely to operate 
in a step-wise fashion (Figure 1-4); narrow geographical distributions will be the product of 
suitable conditions being rare in the landscape and difficult to find or colonise (Ponder & Colgan, 
2002). 
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Figure 1-4.  Flow diagram representing the numerous steps that must be satisfied for a species to persist in a 
particular spring 
 
 
Different types of environmental heterogeneity and paths of connectivity are present because GAB 
springs are hierarchically clustered at a range of scales.  These two processes are likely to interact 
in different ways at each scale. At a scale encompassing the whole GAB, spring supergroups are 
separated by 1000s of kilometres, and if connections are present, springs will be linked via national 
networks of creeks and rivers, most of which are ephemeral due to the arid and semi-arid context 
where springs emerge.  Within each spring supergroup, spring complexes are discrete localities of 
springs in the same geological setting, separated from other complexes by up to 500kms, again 
potentially intersected by creeks and rivers.  Different spring complexes can have distinct water 
chemistry, and complexes with significantly different ionic compositions can occur within close 
proximity (Crossey et al., 2013).  At this scale, springs are separated by arid land but can be 
physically connected to each other by spring outflows or creeks, or become momentarily connected 
during times of flood by common drainage channels or flood plains (Worthington-Wilmer et al., 
2011).  Little information is currently available about how springs within a complex differ in the 
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environmental conditions they provide, however there is evidence they vary considerably in size 
(White & Lewis, 2011), age (Fensham et al. 2004b), temperature (Colgan & Ponder, 2000) and 
water chemistry (Fairfax et al., 2007).  At the smallest scale, a single spring can be comprised of 
physically distinct areas that exist as a gradient from deep pools of water surrounding the vent to 
spring tail or outflow areas where water runs over the landscape into creeks or evaporates 
(Cantonati et al., 2012a).   
 
The role dispersal plays in limiting the distributions of species endemic to discharge springs is 
contingent on scale.  These aquatic taxa can disperse between springs via permanent or ephemeral 
water connections or via phoresy (Worthington-Wilmer et al. 2007).  The probability of either 
process consistently facilitating the transport of individuals between supergroups is questionable.  
Few species occupy multiple supergroups, and those that do are often represented as complexes of 
numerous morphologically and genetically distinct sub-species in each supergroup (e.g. Davies et 
al. (2007)).  Dispersal between complexes in the same supergroup occurs, but also appears rare and 
is contingent on the spatial isolation and flow-path connectivity of springs and the dispersal 
capabilities of the species in question (e.g. Murphy et al. (2010)).  Such barriers to long-distance 
dispersal are probably responsible for maintaining the small geographic distributions of species 
endemic to GAB springs, but also play a role within each species range.  For example, the endemic 
spring snail Fonscochlea accepta occupies 13 groups of springs spread across three drainage 
basins, separated from each other by ~10km.  Individuals of this species are readily exchanged 
across springs in a scale-dependant fashion.  Individuals frequently move between springs within 
3km of one another, and especially those within 300m of one-another connected by adjoining 
wetlands, but this exchange becomes more limited across springs in different spatial aggregations 
and drainage basins (Ponder et al. 1995; Worthington-Wilmer & Wilcox, 2007; Worthington-
Wilmer et al. 2008).   Therefore, springs within close proximity are more likely to be occupied 
because colonisation (or re-colonisation following extirpation) is facilitated by easy dispersal. 
 
Models regarding how dispersal limitation operates as a process dictating patterns of occupancy 
and population persistence within a species distribution, and diversity across patches in multi-
species systems, are primarily informed by island biogeography and metapopulation theory 
(Caswell & Cohen, 1993; Hanski, 1991; Hanski & Gilpin, 1991a).  Patches are habitable areas (in 
this case, springs), distributed within a landscape context dominated by uninhabitable but 
traversable area.  Rather than existing as a contiguous population, each species is comprised of 
numerous sub-populations that function as a metapopulation.  Sub-populations within patches are 
not necessarily in equilibrium - some are, and act as ‘sources’, and some are not and act as ‘sinks’.  
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However, equilibrium is believed to exist within each species metapopulation as a whole through 
an ever-shifting network of occupied patches (Hanski, 1991, 1998; Hanski & Gilpin, 1991).  The 
key factors determining population parameters within each patch, and within the metapopulation as 
a whole, are thought to be the size of the available patches and their isolation from one another 
(Hanski, 1991, 1994).  Density-dependant processes dictate the within patch population variance, 
and are captured in these models by the size of the patch, whilst the ease of dispersal cross the 
intervening landscape dictates dynamics across patches (Hanski, 1981, 1990).  Large patches are 
believed to house larger and more stable populations.  These are able to provide colonists for 
unstable populations in small patches, but such “rescue” effects become less probable the less 
connected (usually further away) an unstable “sink” patch is to stable “source” patches.  Therefore 
metapopulation theory predicts that, within the species geographic distribution (most likely within 
the complex), large patches, and small patches in close proximity to large patches, will have higher 
population persistence and diversity than small patches isolated from all others.  
 
These classical metapopulation models, with their strong focus on dispersal limitation, are popular 
in studies of threatened species in patchy systems (Hanski et al. 1994; Hanski, 2004).  They are 
currently the more common explanation applied when discussing the potential processes that drive 
patterns of distribution in species endemic to Australian GAB discharge springs.  This has resulted 
in a strong research focus on assessing whether springs species function as metapopulations (Gotch 
et al., 2008; Tyre et al., 2001), applying metapopulation models to predict distributions (Nicol et 
al., 2015), and on defining the limits of dispersal limitation using population genetics (Murphy et 
al., 2010; J.  Worthington-Wilmer et al., 2008; Worthington-Wilmer & Wilcox, 2007).  However, 
few studies have considered the role environmental limitation may also play in limiting the 
geographic distributions of endemic springs species, or the role environmental heterogeneity plays 
in dictating patterns of occupancy and population persistence within each species distribution.  In 
many studies, springs are assumed to be environmentally homogenous (apart from their size, which 
dictates density dependant processes) (e.g. Tyre et al., 2001). Discussions of the processes that 
influence the distribution of species are centred on the interaction between features of the landscape 
between springs (i.e. creek channels) and the dispersal capabilities across species (e.g. Murphy et 
al. (2010)), not on the characteristics of the springs themselves.  Yet, the environmental 
characteristics of springs within a single complex can vary, and some species display noteworthy 
differences in their physiological tolerances of environmental variance (Ponder et al., 1989).  In 
systems outside of Australian springs, environmental correlates are vital for explaining patterns of 
diversity (Cantonati et al. 2006; Cantonati & Spitale, 2009; Cantonati et al. 2012a; Fleishman et al. 
2006; Hosak et al. 2015; Sada et al. 2005).  By overlooking the potential role of environmental 
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heterogeneity and its interactions with the environmental requirements and limits of endemic 
springs species, we may be ignoring processes other than dispersal that dictate patterns of 
distribution in species endemic to the GAB spring systems. 
 
In metapopulation theory, environmental influences are generally considered stochastic and 
reducible to broad measures like patch size (Hanski, 1990, 1991).  Implicit in this approach is the 
assumption that extirpation and colonisation are processes with primarily biotic mechanisms, able 
to be captured by constants linked to density dependence (Hanski, 1981, 1983, 1990).  These biotic 
mechanisms are assumed to apply equally across patches, through time and across species (Hanski, 
1998).  However, it is argued that few tests in nature support these assumptions (Baguette, 2004), 
and alternative explanations are rarely appraised (Clinchy, 2002).  In some cases, the assumption 
that patches provide the same “quality” of conditions, and that fluctuations in a population are 
captured purely by demographic processes, are unrealistic and limit the effectiveness of the models 
constructed (Dennis, 2003; Driscoll, 2013; Clinchy, 2002; Fleishman, 2002; Mortelliti et al., 2010).  
Attempts to avoid these unrealistic patch homogeneity assumptions within the metapopulation 
framework by considering patch “quality” (i.e. how the characteristics of the patch affect 
occupancy) have had mixed success (Hein & Gillooly, 2011; Dennis, 1997; Dennis, 1999; 
Fleishman et al. 2002, 2006; Thornton, 2011).  Rather than there being a lack of utility in 
considering how environmental conditions affect organisms in patchy systems, poor mechanistic 
links between what is assumed to represent “quality” and the requirements of the organism often 
account for lack of explanatory power (Clichy, 2002; Fleishman et al., 2002; Thomas, 1994).  An 
approach that is inherently mechanistic and sensitive to species-specific responses is needed if we 
are assess if environmental heterogeneity is inconsequential, and if it isn’t, the role it plays. 
 
Autecology provides a heuristic aimed at unearthing insights into how an organisms ‘environment’ 
dictates patterns of distribution and abundance that is distinct from demographic theory (Walter & 
Hengeveld, 2000, 2014). Autecology expects the environmental requirements of the species, if 
gene flow is occurring between populations and there is no strong directional selection from the 
environment, are stable across space and through time (Walter & Hengeveld, 2014).  Rather than 
individuals of each species experiencing optimising selection to fit within the patch it occupies and 
the “community” of other organisms at it’s locality, Autecology expects the “intensity of 
occurrence” of each species to shift in a species-specific manner as abundance remains stable or 
increases in localities where environmental conditions match the species requirements and foster 
high rates of survival and reproduction, or decline where the organism-environment match is poor 
and mortality and emigration outweigh reproduction and immigration (Hengeveld, 1993; 
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Hengeveld and Haeck, 1981; Walter and Hengeveld, 2014).  This tracking of locations that match 
the species requirements can be active (e.g. large migratory birds seeking ephemeral wetlands as 
they appear in the landscape) or passive (e.g. forests shifting distribution in response to glaciation) 
(Walter & Hengeveld, 2014), and are inherently linked to the dispersal capabilities of the organism 
in question.  In patchy systems, and particularly systems where organisms are unable to actively 
disperse to new localities when environments become inhospitable (as is the case of most species 
endemic to GAB springs), species that lack adaptations that allow them to persist through periods 
when environmental conditions no longer suit their requirements (e.g. aquatic species that go into 
diapause) will suffer reductions in their “intensity of occurrence”.  If this poor match between the 
prevailing environment and the organism persists, it will eventually lead to local extirpation and, if 
they occupy few localities or if all localities experience the same environmental conditions, 
successive extirpations and eventual extinction.   
 
As dispersal limits and environmental limits are likely to be interacting in GAB springs systems 
(Figure 1-4), understanding the environmental correlates of occupancy and abundance as well as 
the limits of dispersal, and how they interact at different scales, is likely to strengthen mechanistic 
links.  Whether a patch is occupied or not, or is home to persisting populations or not, is contingent 
on whether the requirements of the species in question are met, and how the species requirements 
and environmental conditions vary in space and time.  There is strong evidence to suggest 
environmental variables of importance very across GAB springs.  They can vary in ionic 
composition (Fairfax et al., 2007).  They can have high or low flow, and range in depth between 
those comprised primarily of pools of water over 5m deep to shallow heavily vegetated wetlands 
with tiny patches of pool no deeper than 30cm, or even wetted sediments or areas of diffuse 
discharge with no standing water at all (Figure 1-2).  Environmental heterogeneity also exists 
within each spring.  For example, theoretical conceptualisations of springs emphasise the 
importance of the gradient of conditions between pool areas heavily influenced by groundwater and 
outflow areas influenced by the terrestrial environment (Cantonati et al., 2012a).  
 
Springs are not only spatially heterogeneous, they also experience temporal variation.  Of those 
documented to date, changes in ﬂow rate and spatial extent appear to be occurring on sporadic, 
seasonal, and El Nino-based time scales (Fairfax et al., 2007; Habermehl, 1982; White & Lewis, 
2011).  Given that these systems emerge in arid contexts and can be very shallow, prevailing 
climatic variability is also likely to be important.  Such temporal shifts are likely to result in 
changes in environmental conditions, but these changes may not occur equally across space.  
Springs are distinctive arid zone freshwater systems because of the temporal constancy afforded by 
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their connection to the aquifer (Davis et al., 2013; Davis et al. 2017), but different springs or areas 
within springs may be affected by terrestrial variance in different ways.  For example, large deep 
springs with strong flow of groundwater will likely be buffered from shifts in terrestrial conditions 
(e.g. droughts, heat waves) than shallow springs with low flow.  Likewise deeper areas within a 
single spring close to the vent are likely to remain more stable than the shallow outflows far from 
the spring source (Cantonati et al., 2012a).  For a species to persist in the face of such 
spatiotemporal variance, individuals must have adaptations that allow them to endure the full range 
of conditions, or track areas that satisfy their requirements. Unlike broadly distributed arid zone 
aquatic flora and fauna, species endemic to springs lack the ability to persist in the face of water 
impermanence (e.g. to go into diapause (Ponder & Slatyer, 2010)) and environmental fluctuations 
(e.g. conductivity or time out of water (Ponder et al., 1989)).  Therefore, unless a species has 
adaptations that allow it to persist in the face of such variance, areas that maintain temporally stable 
environmental conditions may be vital for their populations to persist.  
 
Applied to endemic organisms in GAB springs, a species is only likely to persist in springs that 
match their environmental requirements, and highly restricted distributions may be a product of 
species with strict environmental requirements and limits that are seldom satisfied in the landscape.  
As the springs system provides different obstacles to dispersal at different scales for each species, 
their ability to respond to environmental variance (and thus the mechanisms creating different 
patterns of “intensity of occurrence”) must be considered at each relevant scale.  For example, 
spring snails are likely to respond to changes in their environment at a within-spring scale in an 
active fashion - they can crawl to areas of any spring they occupy that suit their requirements.  
However, they have no ability to actively leave inhospitable springs and colonise new hospitable 
ones and rely solely on phoresy or flooding events, in both of which the snail cannot dictate the 
end-point.  Therefore, at scales incorporating numerous springs within the species range, we expect 
localities where the abundance of a species is high, and its population persists for long periods to be 
locations where the match between organism and environment is optimal.  For each species, within 
each spring, abundance will shift as environmental conditions change and species track favourable 
areas, or suffer reproductive consequences and perish.  At a landscape scale, this means that springs 
that provide conditions that match a species requirements will have larger populations, longer 
population persistence, and potentially more frequent successful colonisation events, as long as the 
species can disperse into the spring, whilst those that do not will have lower abundance, see more 
frequent extirpations and low population persistence.  Understanding the extent of environmental 
heterogeneity across springs, how they vary, and how patterns of abundance and distribution of 
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endemic species relate to this variance should thus provide clues as to which particular 
environmental conditions match the requirements of each species.   
 
Correlations between “intensity of occurrence” like high abundance or long population persistence 
and factors within the organisms environment only allude to a causal connections (Clinchy et al., 
2002; Underwood et al., 2000).  Therefore, experimental tests aimed at discerning the mechanism 
of environmental limitation are essential for strengthening the predictive power of environmental 
covariates.  In springs surrounding Kati-Thanda (Lake Eyre supergroup) in the south of the GAB, 
differences in the distribution of species in the genus Fonscochlea relate to each species ability to 
tolerate environmental extremes – species with broad distributions are more tolerant of salt and 
desiccation stress (Ponder et al., 1989) whilst those that occupy few springs and only the deepest 
sections of springs die within a few hours of exposure to extreme desiccation and high salinity.  
This provides a potential environmental mechanism to guide explanatory and predictive models.  
Sensitive species are absent from most springs and from shallow parts of occupied springs because 
these locations fail to match their environmental requirements, resulting in greater mortality.  Such 
experimental tests of how environmental variance affects survival or success are needed before we 
can imply that particular conditions are causally responsible for a species presence/absence. Many 
contemporary species distribution models are developed solely on associations found in descriptive 
data sets, but such an approach overlooks the complex, co-varying and potentially confounding 
influences of the multitude of factors that may influence each species in nature (Dormann et al., 
2012).  Misunderstanding these connections can have major implications, particularly in 
conservation when efforts to manipulate or emulate conditions that foster persistence are part of 
management practice (e.g. captive breeding programs, assisted migrations or relocations) 
(Vanhorne, 1983; Wiens et al., 1993).  The environment of an organism is a complex nexus of 
factors, many of which co-vary and only a subset of which may actually affect the organism 
directly (Sultan, 2015).  By experimentally investigating an organism’s response to the 
environmental variables associated with differences in the “intensity of occurrence”, 
mechanistically sound predictions can be made about why species are found where.  
 
Constructing a model for explaining the distributions of endemic spring species that accommodates 
the role of the environment, and the potential diversity in its influence on species with different 
evolutionary histories has broad implications for the management of this system. Knowledge of the 
environmental causes for patterns of distribution, extirpation and re-colonisation will allow us to 
make predictions regarding the effect of potential environmental change (e.g. removal of grazing 
disturbance, draw-down expected to accompany expansion of mining).  If both environmental and 
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dispersal limitation are restricting the habitable environment for species endemic to GAB springs, 
small changes in conditions may be far more devastating than currently assumed, and conservation 
efforts such as those relying solely upon assisted migration will be ineffective in ensuring their 
persistence. 
 
 
 
Outline of thesis 
 
Since the listing of GAB springs under Australian conservation protection in 2001, the taxa that 
comprise the protected “community” have not been reviewed at a basin-wide scale (Fensham et al., 
2010).  Documenting where ‘hot spots’ of endemic biodiversity are, and whether environmental 
characteristics of spring complexes are correlated with diversity, is an essential first step the future 
conservation of the organisms that inhabit GAB springs. In Chapter 2, I review the literature 
available about species endemic to GAB springs across the entire basin, and present an updated list 
of all taxa with sufficient evidence to suggest they should be included in the “threatened 
community”.  This includes updating their current distribution and the presence of sub-species, 
clades or cryptic species complexes within species already included in the list.  This information is 
then used to assess basin-wide patterns of diversity and it’s relationship to environmental 
characteristics of spring complexes.  As part of this analysis, I consider the conservation measures 
currently in place regarding GAB discharge springs and whether they are sufficient. 
 
Chapter 2 demonstrates that conservation evaluations for numerous taxa are hampered by data 
deficiency, particularly for the macro-invertebrates that comprise the majority of diversity in the 
system.  In order to remedy this, we need methods that rapidly and simultaneously sample a broad 
diversity of different types of organisms.  We are currently unsure if studies using different 
methods are complementary (i.e. estimates of abundance made using scoop nets or cores), making 
compiling and comparing data collected by different methods problematic.  In Chapter 3 I test 
existing methods used for sampling the abundance and diversity of spring macro-invertebrates 
(>1 mm), and compare their efficacy in this regard. I thus assess the potential biases of each 
method, and present an optimum sampling strategy for each taxon and type of ecological question.  
 
Understanding why endemic species in GAB springs have restricted distributions, and what factors 
are important for maintaining their persistence, is vital to understanding their ecology.  Springs fed 
by the GAB are inherently ‘insular’ systems – each spring is an ‘island’ of wetland in a ‘sea’ of 
aridity.  Whilst there is considerable evidence that species endemic to GAB springs are poor 
dispersers, there are currently no assessments of how springs differ in the environmental conditions 
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they provide and the role such environmental heterogeneity plays in patterns of species 
distributions.  In Chapter 4 I look to the gastropods endemic to the Pelican Creek springs, one of 
the GAB spring systems ‘hot spots’ of diversity (identified in Chapter 2), and one of the few 
complexes where representatives of all three families of gastropod with species endemic to springs 
live in sympatry. I assess the extent of environmental heterogeneity across springs within the 
complex, and describe the patterns of occupancy of six of these species, and how they have 
changed since past surveys. In doing so, I ask whether differences in environmental conditions 
across springs are associated with patterns of diversity and population persistence, and whether 
species differ in how their distribution relates to environmental heterogeneity.  
 
Chapter 4 demonstrates that species of snail endemic to the Pelican Creek springs occupy only a 
sub-set of springs at the complex, and most are restricted to the few springs that are large and have 
deep pools.  To assess why springs with deep pools foster higher diversity, and the role of 
environmental variance at this within-spring scale, we need information on the nature of 
fluctuations through time and whether different areas within springs differ in their prevailing 
environmental conditions.  In Chapter 5, I assess the extent of environmental heterogeneity within 
a subset of springs from the Pelican Creek complex, and how this relates to patterns of abundance 
and distribution in the six focal species assessed in the previous chapter.  This information is then 
used to propose generalisations regarding the structure of springs, and how endemic species 
associate with this structure. 
 
The importance of deep pools for fostering high abundance and diversity of spring snails appears 
contingent on the fact that these areas maintain permanent water with stable water chemistry and 
temperature.  The suitability of environmental conditions for a species is often inferred from 
patterns in its density across naturally occurring gradients.  However, in nature, factors co-vary, 
rendering it difficult to isolate factors of importance from those of little. Some species appear more 
restricted to environmentally stable pool areas, whilst others occupy a wide range of springs and 
areas within them, and persist in environmentally variable shallow tail areas (Chapter 4 and 5).  
The different patterns of distribution may relate to each species ability to persist in the face of the 
elevated levels of conductivity, pH, desiccation or temperature variance that prevail in tail areas 
and small pool-less springs (Chapter 5). The particular factor responsible for such environmental 
limits on distribution may be simple (e.g. just conductivity above 3500µS/cm @ 25°C) or subtle 
(e.g. high conductivity reduces thermal tolerance resulting in death at a threshold that is reached in 
spring tails).  In Chapter 6, I assess how exposure to variance in conductivity, pH, desiccation and 
temperature affects the survival of six species of spring snail endemic to Pelican Creek. I then test 
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whether the ability to tolerate conditions that prevail in the tail differs if factors are experienced in 
isolation or in synergy using the species with the most restricted environmental limits (Glyptophysa 
sp.).  Finally, to assess whether species with similar patterns of distribution on opposite sides of the 
GAB respond to environmental variance in the same fashion, I replicate the experiments of Ponder 
et al. (1989), which considered the Tateidae genera from the Kati Thanda (Lake Eyre) region, in 
the Pelican Creek system. 
 
In Chapter 7, I amalgamate my results into an update of the present state of biodiversity and 
conservation across all GAB springs and present an Autecological model regarding how 
environmental conditions influence patterns of diversity in the system.  I discuss the relative 
importance of dispersal and environmental limits on species endemic to discharge springs, and 
particularly gastropods, and how they interact in different ways at each of the spatial scales in this 
system (across complexes, across springs within a complex, and within springs).  In doing so, I 
highlight how the Autecological approach used here provided vital insights that are more than just 
natural history observations, but instead focus on finding the mechanistic causes for patterns of 
distribution and abundance by investigating species-specific organism environment interactions 
and the complex mechanisms that maintain them.  I briefly discuss the implications of these 
findings for our conceptualisations about evolutionary processes in the springs system, and ongoing 
efforts to conserve its endemic biodiversity. 
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Chapter 2 - Biodiversity patterns and conservation of species endemic to discharge springs of 
the Great Artesian Basin 
 
Introduction 
Groundwater dependant ecosystems such as springs are particularly vulnerable and over utilised 
(Danielopol et al., 2003; Famiglietti, 2014).  Springs are vital freshwater refugia in arid regions 
(Kreamer & Springer, 2008; Unmack & Minckley, 2008; Shepard, 1993), where they provide 
permanent water for cosmopolitan species as well as specialised habitat for geographically distinct 
radiations of species endemic to springs (Ponder, 1995; Myers & Resh, 1999; Fensham et al., 2011; 
Cantonati et al., 2012a).  Despite these ecological values, springs across the globe share parallel 
stories of fragility and destruction, warranting a call for attention to their plight (Cantonati et al., 
2016; Fairfax & Fensham, 2003; Stevens & Meretsky, 2008; Unmack & Minckley, 2008).  In an 
Australian context, one of the worlds’ largest actively recharging aquifers (the Great Artesian 
Basin, or GAB) (Richey et al., 2015) feeds thousands of springs that span the arid and semi-arid 
zones (Figure 2-1).  These springs are home to a high diversity of arid zone aquatic species, most 
which are endemic to the system and are restricted in geographic range (<50km2) (Fensham et al., 
2011; Ponder, 1995). 
 
Physical modification and unrestricted extraction of water from the GAB has caused considerable 
degradation of springs habitat (Fairfax & Fensham, 2002, 2003; Fensham et al., 2016; Powell et 
al., 2015), increasing the extinction risk of the narrow-range species that rely on springs (Ponder, 
1994; Ponder & Walker, 2003).  This story is common to springs across the globe (Cantonati et al., 
2012a;	 Powell et al., 2015; Stevens & Meretsky, 2008; Unmack & Minckley, 2008).  National 
efforts to stem biodiversity loss in the system began when all flora and fauna occupying GAB 
springs came under federal protection in 2001 (listed as Endangered under the Environmental 
Protection and Biodiversity Conservation Act 1999).  An extensive review was conducted as part 
of the development of a recovery plan for this “community” (Fensham et al., 2010), however, this 
remains the only basin-wide assessment of diversity in the system.   
 
Springs are home to species with a range of distribution patterns, but those that are endemic to 
GAB fed springs, and thus have specific habitat requirements and restricted ranges, are the most 
vulnerable to habitat degradation.  These species, and cryptic species complexes or sub-species 
within them, are being described at a rapid rate, but diversity in the system has not been reviewed 
in a decade.  Protection of these organisms as a “community” implies some form of homogeneity, 
however the prevailingly narrow ranges and unique histories of each complex may create location-
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specific suites of endemic taxa.  Endemic species also appear concentrated in particular areas (i.e. 
some locations have many endemic species whilst others have few) yet, information on basin-wide 
patterns of biodiversity and whether spring localities with high diversity have particular physical 
features are currently unknown.  
 
Figure 2-1.  The Australian continent with the arid and semi-arid zones (dark and light brown respectively) 
overlayed with the extent of the Great Artesian Basin (stippled) and the 13 spring supergroups (dashed 
lines).  Flanking this are examples of the landscape context (top), Great Artesian Basin fed springs (centre) 
and taxa endemic to single spring complexes (bottom) from the Irrawwanyere springs (Dalhousie) (left) and 
the Pelican Creek springs (right), from left to right Austropyrgus centralia (photo: Ponder, Hallan, Shea & 
Clark, 2016), Chlamydogobius gloveri (photo: Michael Hammer), Scaturiginichthys vermeilipinnis (photo: 
Adam Kerezsy) and Eriocaulon aloefolium (photo: Rod Fensham).  
 
 
In order to facilitate the ongoing conservation of GAB springs at a basin-wide scale, this 
assessment focussed on the following aims:  
1) Collate a list of all taxa endemic to GAB springs, including sub-species and clades 
2) Review and update information regarding the basin-wide distribution of these taxa  
3) Analyse spatial patterns in the composition, richness and diversity of GAB spring 
complexes including updated conservation ranks 
4) Categorise data deficiency for all endemic taxa 
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Methods 
The GAB system 
The Great Artesian Basin extends over the eastern portion of the Australian continent (Figure 2-2).  
Water enters along the basin edges, and flows in a generally south-westerly direction where, in 
particular places, it is forced to the surface along faults and weaknesses as springs (Habermehl, 
1982; Smerdon et al., 2012).  As the conduit of flow from the GAB to the springs are localised, 
GAB springs generally form in clusters, which are referred to as ‘complexes’.  These are then 
grouped at a basin-wide scale into 13 ‘supergroups’ (Figure 2-2).  
 
Information regarding the number of springs and their locations was taken from two publically 
available databases - the Lake Eyre Basin Springs Assessment (LEBSA) available through the 
Queensland Government, and WaterConnect available through the South Australian government.  
A total of 6,308 individual springs were identified as existing at present, or to have sufficient 
historical evidence to suggest they existed in the 1890’s but have since become dormant.  As part 
of the project which collated this list, all springs were assigned into one of the thirteen supergroups 
(Habermehl, 1982), and grouped into spring complexes by the local authority in each region.  
However, different procedures were used by the external sources for grouping springs into 
complexes in New South Wales and Queensland as compared to South Australia (because of the 
preferred method of each research group).  The key difference being that springs in the south are 
systematically assigned to spring ‘groups’ based on their spatial proximity and similarities in their 
water chemistry then into spring ‘complexes’ based on spatial proximity, whilst springs in the north 
are grouped into complexes based on their spatial proximity and existence within similar geological 
settings.   
 
In an attempt to create a simple, standardised and biologically meaningful definition of ‘complex’ 
that applied equally across all regions of the GAB, clusters of springs referred to as ‘groups’ in the 
south were considered as ‘complexes’ in this analysis (e.g. all ‘groups’ within the ‘H’ complex are 
considered as separate complexes) (Figure 2-2).  This choice was made because ‘groups’ in the 
southern springs are delineated due to major differences in their water chemistry, which are likely 
to have biological relevance.  This choice was made because the definition of ‘complex’ as applied 
in the south results in the amalgamation of spring groups that make complexes with >1200 springs 
(e.g. the ‘H’ complex) and often collects springs with over 5km of dry landscape with no 
interceding spring wetland between them (e.g. the ‘C’ and ‘F’ complexes) (Figure 2-2).  The choice 
to group springs in this way is by no means a perfect solution, however debate about how to define 
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a ‘complex’ continues, and will undoubtedly continue, but a compromise was needed to complete 
this study.   
 
 
Figure 2-2.  Springs supergroups within the GAB (left) and examples of the minimum bounding polygon 
around six springs complexes within the Kati Thanda (Lake Eyre) supergroup and three northern 
supergroups (Elizabeth springs from Springvale, Yowah from Eulo and Pelican Creek from Barcaldine), 
displayed at relatively similar scales. 
 
 
Environmental characteristics of spring complexes 
The area of each spring complex, and its centroid, were calculated using a minimum-bounding 
polygon that encircled all springs assigned to the complex.  Information concerning the 
environmental characteristics of each spring complexes was obtained directly from the relevant 
springs dataset or by intersecting publically available GIS layers (Table 2-1) with the spring 
complex centroid or the area within the complex polygon.  Variables were selected to capture the 
complex size, physical characteristics, spatial proximity, hydrologic connectivity, climate and 
topography (Table 2-1). 
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Table 2-1. Environmental attributes of spring complexes hypothesised to be ecologically important 
determinants of the distribution of endemic flora and fauna. Attributes were used as candidate predictor 
variables in explanatory models of biodiversity attributes and species distributions. An explanation and 
method of derivation for each attribute is given. The location, complex membership and physical 
characteristics of springs are sourced from Lake Eyre Basin Springs Assessment datasets. Climate, 
topography and primary productivity data sourced from (Stein et al., 2014). Water Observations from Space 
data set sourced from (Mueller et al., 2016). 
 
Environmental 
attribute Unit Explanation and method of derivation 
Complex size  Represents potential likelihood of supporting greater number of 
species (based on species-area relationship theory) 
Total number of springs 
per complex 
count Total number of springs per complex 
Total complex area ha Total complex area estimated by calculating a minimum area 
polygon around spring centroids within each complex 
Physical characteristics  Description of the surface composition and general morphology 
of spring vents (derived from field surveys of 170 Qld 
complexes only, equivalent information unavailable for South 
Australia)  
Dominant surface 
composition of vents 
% of vents 
per 
comple
x 
Categorical description of the dominant surface composition of 
the vent as either Peat, Mud (exuded), Rocky seep (fractured), 
Sand/Silt, Carbonate (travertine) or Water/soak 
General morphology of 
vents 
% of vents 
per 
comple
x 
Categorical description of the general morphology of the vent as 
either Mound, Flat, Closed depression (concave), Open 
depression (watercourse) bed, Open depression (watercourse) 
bank or Terraced. 
Spatial proximity and 
hydrologic 
connectivity 
 Represent surrogates for biogeographic and ecological 
mechanisms that influence species distributions (e.g. dispersal 
and recolonization processes) 
Mean Euclidean distance km Average Euclidian distance between each complex and all other 
complexes (higher number = more isolated) 
Count connected by 
drainage network 
count Count of the number of complexes that are connected to a given 
complex via the 9” DEM derived drainage network (lower 
number = more isolated) 
Mean drainage network 
distance 
km Average of the drainage network distance between a given 
complex and all other complexes that are hydrologically 
connected (higher number = more isolated) 
Count connected by 
surface water 
inundation areas 
count Count of the number of complexes that are connected to a given 
complex via surface water inundation areas (based on Water 
Observations from Space dataset) (lower number = more 
isolated) 
Mean surface water 
inundation distance 
km Average of the surface water inundation distance between a 
given complex and all other complexes that are 
hydrologically connected (higher number = more isolated) 
Climate, topography and 
primary productivity 
 Represent surrogates for critical environmental regimes (light, 
moisture, thermal) and habitat characteristics that influence 
species distributions. (calculated as the mean of spring centroid 
values within each complex) 
Elevation m Estimated using 9” DEM 
Mean annual solar 
radiation 
MJ/m2/day Measure of the rate of solar energy arriving at the Earth's surface 
from the Sun's direct beam. Influences water temperature and 
evaporation rates. 
Mean annual air 
temperature 
oC Influences rates of aquatic chemical and biological processes and 
distributions of species (e.g. thermal tolerances) 
  …cont 
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Environmental 
attribute Unit Explanation and method of derivation 
Mean annual rainfall mm Influences aquatic habitat availability and connectivity, soil 
moisture, rates of weathering of rock and hence their 
hydrogeological properties and the release and transport of 
solutes and materials 
Mean annual rainfall 
erosivity 
(MJ mm) / 
(ha hr 
yr) 
Indicator of rainfall intensity, an important influence on 
processes of infiltration, runoff generation and erosion 
Mean annual net 
terrestrial primary 
productivity 
tC ha-1 Primary productivity is the measure of carbon intake by plants 
during photosynthesis, and this measure is an important 
indicator for studying the health for plant communities. Net 
Primary Productivity (NPP) is the amount of carbon uptake 
after subtracting Plant Respiration (RES) from Gross Primary 
Productivity (GPP). 
 
 
 
 
Endemic taxa and their distributions 
As the list of taxa endemic to GAB springs available through the EPBC has been recently undated, 
the list of species endemic to GAB springs used in this study was derived using a three-stage 
literature review consisting of 1) construction of a list of candidate species and sub-species, 2) 
literature review and summary of currently available published information pertaining to each 
taxon, 3) expert consultation regarding the review, endemic status and distribution.  Any taxon 
previously documented as a single species but now considered a complex of multiple species were 
expanded.  Species were included as multiple sub-species where they have been officially 
described (e.g. Eriocaulon carsonii (Davies et al., 2007)) or where there are published reports of 
divergence equivalent of species or sub-species level splits, but no official further classification. 
 
The reasoning behind including divergent clades as sub-species was made as many studies of 
species with broad distributions found considerable divergence amongst populations that are 
spatially isolated in different complexes.  In some cases, authors have chosen to retain divergent 
clades within a single species, as no strong morphological differences were found (Ponder et al., 
1995).  In others, early studies of divergence (Murphy et al., 2009) guided later in- depth enquiry 
into morphology (Murphy et al., 2013), therefore previously described clades represented yet-to-be-
discovered species-level diversity.  However in many cases, investigations into species status 
beyond molecular enquiries are yet to occur where there is evidence of considerable divergence 
(e.g. Phraetomerus latipes (Guzik et al. 2012)).  We may be overlooking species that are in the 
process of being (or will be) described (Murphy et al., 2015a).  In order to capture the hidden 
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diversity that is contained within these, we made the choice that, in any study where authors have 
emphasised the distinctiveness of clades, these clades are included as taxa in our list as sub-species.   
 
The extent of the divergence between clades differs with each study, and between them.  Most of 
the clades described by the authors are highly differentiated, and have levels of divergence that are 
more likely to represent distinct species than not (Hebert et al., 2003).  For the gastropods, species 
and sub-species are included with ~3-15% divergence, with Ponder et al. (1995) considering D 
values of <0.1 for sub-species splits and >0.5 for interspecific splits, with species-specific splits 
supported by morphological differences.  For the amphipods, clades with divergence of 10-20% are 
included separately, with King & Leys (2014) and Murphy et al. (2009) using patristic distance 
calculations and placing species-level splits at 0.16 substitutions per site.  For the isopods, clades 
with divergence between 3-15% are included separately, with Guzik et al. (2012) and the 
unpublished advice of Wilson (Wilson & Johnson, 1999; Wilson & Keable, 2004) using 
differences in CO1 and 16S in lieu of ongoing morphological enquiry.  Documentation for the logic 
behind any sub-species splits, and the assignment of sub-species identities to each occupied 
complex are accessible at: https://www.dropbox.com/sh/qjr8zivh9uywme6/AAC2KD3ya--
9P_i9ASJaGr2Na?dl=0.  Each person consulted for each taxa, and their contributions to the 
discussion as well as relevant portions of published papers are provided in the profile for each taxa 
from this link.  
 
Experts in each of the five groups of organisms were identified as anyone publishing research 
concerning the taxon, as well as on-the-ground managers of springs.  The summaries and 
classifications of endemic taxa were discussed with experts for their opinion on the conclusions.  A 
discussion was facilitated between all included parties until a final consensus list of species and 
sub-species was agreed upon.  Which complexes were occupied by each of the taxa on the final list 
was ascertained from the EPBC list of species within the threatened community, from published 
accounts and from discussions with experts.  Where the sub-species in a particular complex was not 
directly ascertainable from the literature or experts, the geographical location and previous 
knowledge regarding connectivity between complexes were consulted, and a sub-species affinity 
assigned to the taxon by the authors.   
 
Spatial patterns of endemic biodiversity  
We quantified spatial variation in measures of biodiversity at each spring complex using attributes 
selected to capture taxon richness, distinctiveness and spatial restrictedness (Table 2-2).  All 
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measures of biodiversity were mapped onto the centroid for each complex and overlaid on the most 
current silhouette of the GAB (Geosciences Australia, 2017). 
 
Table 2-2. Method, rationale and key references for each of the biodiversity attributes used to characterise 
spring complexes.   	
Biodiversity attribute  Method, rationale and key reference 
 
Taxonomic Richness (S)  
 
Number of taxa in a spring complex (also referred to as alpha diversity) 
Taxonomic Diversity 
(H') 
Shannon Diversity. An index that incorporates the number of taxa and the 
evenness of the distribution of individuals across species (we used area of 
occupancy in spring complexes as our measure of abundance). The index 
can increase either by having additional unique taxa or by having greater 
taxon evenness. 
Taxonomic endemism 
(TE) 
An index of endemism identifying areas where taxa with restricted ranges are 
concentrated.  Based on the number of taxa within a spring complex 
weighted by the inverse of each taxon’s distribution range (also known as 
weighted endemism). This index ranges from one, where all taxa in a 
complex have broad geographical ranges, to infinity, with large values 
indicating the presence of taxa with range-size rarity (i.e. areas with high 
endemism) (Rebelo & Siegfried, 1992). 
Phylogenetic Diversity 
(PD) 
A measure of diversity based on units of phylogenetic variation (instead of 
taxa) (Faith, 1992; Faith et al., 2004) PD is calculated as the sum of those 
branch lengths of the phylogenetic tree representing the taxa occurring in a 
spring complex. Areas with high PD may represent centers of current 
speciation and may be important areas to protect for maintenance of 
evolutionary processes. High PD could arise by having a high number of 
closely related taxa or by having few taxa that are phylogenetically 
divergent from one another. PD incorporates complementarity in that the 
score contributed by a given taxon in a spring complex depends on how 
closely it is related to other taxa present. Complete molecular phylogenies 
are not available for most taxonomic groups and taxa considered in this 
study, so we used published phylogenies and assumed equal branch lengths 
(Appendix 2-1). 
Phylogenetic Endemism 
(PE) 
Phylogenetic endemism (PE) is a measure of the degree to which elements of 
evolutionary history are spatially restricted in space. PE combines the 
phylogenetic diversity (PD) and taxonomic endemism (TE) measures to 
identify areas where substantial components of phylogenetic diversity are 
restricted (Rosauer et al., 2009). To estimate the degree of PE represented 
by the taxa in a given area, the range size of each branch of the 
phylogenetic tree (rather than the range of each taxon) is quantified. PE is 
therefore the sum of branch length ⁄ clade range for each branch on the tree 
(where a clade is a single branch on the tree consisting of an organism and 
all its descendants). 
Assemblage Beta 
Diversity (BD) 
Assemblage beta diversity is defined as the variability in species composition 
among sampling units for a given area and was measured as the average 
dissimilarity from individual observation units (spring complexes) to their 
group centroid (all spring complexes) in multivariate space, using the Bray-
Curtis dissimilarity measure (Anderson et al., 2006). 
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Homogeneity of the GAB springs “community”, and how many unique combinations of taxa are 
present within the system was assessed, using ordination methods outlined in Legendre & Legendre 
(2012) and the protocols offered in Borcard et al. (2011) for R Studio (R Core Team, 2016).  We 
first constructed a dissimilarity matrix for presence-absence data in spring complexes that 
contained endemic species using the ‘altGower’ function within the ‘vegan’ package ‘vegdist’ 
(Oksanen et al. 2015).  The results of this are presented as a heat map.  Complexes were then 
clustered using this dissimilarity matrix with a range of methods (as recommended in (Borcard et 
al., 2011), with Ward’s hierarchical clustering returning results most parsimonious with the 
original distance matrix (ascertained using Cophenetic correlation) that did not sink distinctive 
complexes into large dissimilar groups (e.g. WPGMA had a similar Cophenetic correlation, but 
sunk Dalhousie into a group with Kati Thanda (Lake Eyre) springs).  The final number of groups 
was ascertained using optimal silhouette widths and the Mantel test (Borcard et al., 2011).  
Clustering to between 17 and 33 groups had relatively equal average silhouette widths, so each 
silhouette plot was visually assessed to ascertain the smallest number of groups with the fewest 
misaligned group members (i.e. complexes with negative silhouette widths). 
 
Relationship between biodiversity and environmental characteristics 
To quantify relationships between environmental characteristics of spring complexes (Table 2-1) 
and spatial variation in each biodiversity attribute (Table 2-2), we used zero-inflated multiple 
regression (hurdle models) (Cunningham & Lindenmayer, 2005). We used a Poisson distribution 
for the non-zero species richness component (binomial data) and log-normal regression models for 
the non-zero values of each of other biodiversity attributes (continuous data).  All models were 
fitted using R (R Core Team, 2016).   
 
The binomial component of the ZIP model produced a predicted probability of occurrence of non-
zero response data (i.e. contains one or more taxa) at each complex.  We used the taxon prevalence 
across complexes containing one or more taxa (i.e. 76 of 326 complexes, prevalence = 0.233) as a 
threshold to convert these probabilities to a predicted presence or absence, which is appropriate 
when the objective is to derive unbiased estimates of prevalence (Freeman & Moisen, 2008; Liu et 
al., 2005). The majority of predictor variables were minimally correlated, however, the count and 
mean hydrologic distance of complexes connected by the drainage network or by surface water 
inundation were correlated with one another (r>0.8), so only the count variables were used as 
predictors.  All predictor variables were scaled (range-standardised) prior to analysis.  We used 
Akaike’s Information Criterion (AIC) to select the most probable model for each regression model, 
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using the ‘glmulti’ package (Calcagno & de Mazancourt, 2010). We assessed the fit of the binomial 
component by calculating the correct classification rate of the model and also by calculating the 
area under the receiver operating characteristic (ROC) curve (AUC), a common metric for 
assessing sensitivity and specificity of binomial models (Fielding & Bell, 1997).  We estimated the 
ROC curve using the ‘pROC’ package (Robin et al., 2011).  The percentage variance explained 
(R2) was used to describe the best fitting model for the continuous response variables. 
 
Updating Fensham & Price (2004) conservation rank, review of conservation status and inclusion 
in conservation reserves 
Fensham & Price (2004) published a ranking of spring complexes based on patterns of endemism 
and isolation in flora.  This system incorporates the number of species at a complex, the number of 
complexes each species occupies and the isolation of the population of the species at each complex 
from populations in other complexes (see Fensham & Price (2004)).  We used their method, but 
expand the taxa list to include plants, fishes and invertebrates.   
 
Taxa endemic to the GAB springs are protected under the Australian Federal threatened species 
legislation within the “community of native species dependant on discharge of water from the 
GAB” under the Environmental Protection and Biodiversity Conservation Act (EPBC Act).  Some 
species are also listed individually, under either the EPBC or relevant state conservation acts, or 
have also been assessed using the IUCN Red List Criteria (IUCN, 2012).  We documented whether 
each species (including sub-species) included in this review was included in any of these legislative 
protections, and the level at which they were listed.  Species or populations of a species can also be 
protected within National Parks, Conservation Reserves, Indigenous Protected Areas or within 
private landholder conservation agreements.  We quantified representation of endemic springs taxa 
within existing protected areas that meet the IUCN definition using the most recent available 
version of the Collaborative Australian Protected Area Database (CAPAD, 2014).  For each taxon, 
we calculated the percentage of springs within any complex occupied by the species that fell within 
protected areas.  
 
Data deficiency and inclusion in conservation assessments for endemic taxa 
In addition to assessing patterns of diversity across the basin, I sought to assess the state of data 
deficiency regarding each taxon included in the review.  To do so, all literature pertaining to each 
taxon was collated and categorised, with the intention of allocating each species a score that 
summarises the current state of data deficiency. The amount of published information regarding 
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each taxon were identified in each of the key areas of data deficiency identified to be hindering the 
conservation of invertebrates (Cardoso et al., 2011): taxonomy (III), distribution (V), abundance 
(VI), ecology and threat (VII) as well as patterns of population connectivity or divergence as 
recommended by Murphy et al. (2015b).  For each taxon, the amount of information available in 
the form of peer reviewed literature was scored on an ordinal scale using the criteria detailed in 
Table 2-3.  Using this system, a taxon for which data that could be considered sufficient to make 
conservation decisions scores high (maximum score of 24), taxon for which minimal information is 
available regarding any of these categories score low (minimum score 4). 
 
Table 2-3. The parameters used to score available literature for each endemic taxa included in this review. 
 
Data 
category Score Conditions 
Taxonomy 4 Full morphological description supported by genetic assessment of relationship to other 
species and potential cryptic species complexes if it occupies >1 complex or supergroup. 
 3 In depth morphological description with brief genetic analysis at species level, if range 
>1 complex no in-depth enquiry regarding potential cryptic species or ESU 
 2 Morphological descriptions but no genetic data. 
 1 Remains undescribed. 
Distribution 4 Full survey of range, regular (>1) and/or ongoing surveys of patch occupancy in at least 
one part of the range. 
 3 Rudimentary knowledge regarding patch occupancy within range from 1 or few disparate 
surveys and no ongoing surveying. 
 2 No data regarding full range as yet, no ongoing monitoring. 
 1 Few specimens from one or few visits. 
Abundance 4 Temporally replicated (>1 time) systematically collected abundance assessments across 
>5 springs within the range. 
 3 Robust anecdotal observations regarding relative abundance within most springs in 
range. 
 2 One off or limited anecdotal observations within some parts of the range. 
 1 No information. 
Connectivity 4 Patch level data regarding population connectivity across at least 50% of the range. 
 3 Limited but detailed patch level data (i.e. one group within one complex). 
 2 Anecdotal observations regarding potential connectivity in the system or could be 
inferred from other species in the system. 
 1 No information. 
Ecology 4 Extensive spatially and temporally replicated information regarding the state of and 
potential environmental correlates of occupation and abundance, responses to seasonal 
variance, trophic ecology, reproductive ecology, physiology or behaviour. 
 3 Robust but not systematic observations regarding microhabitat preferences, 
environmental associations, responses to environmental variance within some part of the 
range. 
 2 Anecdotal observations regarding potential associations with environmental 
characteristics or responses to environmental variance. 
 1 No information  
Threat 4 Experimental and/or long-term in situ observations regarding response to range of threats 
faced by taxa. 
 3 Robust knowledge regarding some threats but not the full range. 
 2 Anecdotal and/or expert opinion (e.g. IUCN) regarding potential threats but no testing of 
these to date. 
 1 No information. 
 
  
	 31	
Results 
Distribution of GAB springs and their current activity status 
In total, 6,308 individual Great Artesian Basin springs were identified as existing at present or to 
have sufficient historical evidence to suggest they existed prior to the year 2000.  Those springs 
were divided into 326 complexes spread across thirteen supergroups.  There is considerable 
variance in the number of GAB springs per complex, and the number of complexes per supergroup 
(Figure 2-3).  Some supergroups are composed of a single small complex containing one spring 
(Mitchell/Staaten River, Bogan River) while others include many springs (Lake Eyre, Eulo, 
Flinders River), the largest being the Hermit Hill complex in the Lake Eyre supergroup with 429 
springs (Figure 2-3).  
 
Figure  2-3. Map of GAB (shaded area) and spring complexes characterised by their status (% springs 
active). Spring complexes belonging to each supergroup are enclosed by dashed lines.  
 
Of these springs, 5,412 remain active and 1,161 (18.4%) are dormant.  The current status of springs 
varies considerably across supergroups (Figure 2-3). Three supergroups show no evidence of 
dormant complexes (i.e. all complexes contain 100% active springs - Mitchell/Staaten, Dalhousie, 
Springsure and Lake Frome).  In contrast, some supergroups show evidence of considerable spring 
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loss, and are currently composed of entirely dormant complexes (Bogan River), or contain few of 
the original number of active springs recorded in the late 1890s (Flinders River – 19%, Eulo – 41%, 
and Bourke – 69%).  
 
Endemic taxa in GAB springs and their distributions 
Many taxonomic groups likely to include endemic taxa were excluded from this assessment 
because insufficient data were available (Appendix 2-2). The final assessment incorporated 98 taxa 
(including species and sub-species) of plant, molluscs, fish and crustacean (Table 2-4).  Forty-eight 
have full species status.  Nineteen are un-described, but have sufficient expert support for their 
taxonomic distinction at the species level.  Two described species are represented by multiple 
described subspecies, and seven are taxa that are currently described as a single species but have 
strong evidence to suggest they should be considered as a set of distinct species or sub-species.  
When separated, these nine species equate to a total of 27 taxa.   
 
These taxa had one of four types of distribution (Figure 2-4).  The most frequent was ‘narrow’ 
(44% of taxa), whereby a taxon is endemic to a single complex with an average total area of 
occurrence of ~61km2 (Figure 2-4a).  This is followed by ‘narrow supergroup’ and ‘broad 
supergroup’ distributions, whereby a taxon is endemic to a spring supergroup and occupies few 
(≤5) or many complexes (>5) within it (Figure 2-4b and c, respectively).  Finally, those with 
‘broad’ distributions occur across many complexes (usually >5) and multiple supergroups 
(comprising six plant taxa, Figure 2-4d).  The only exception to these groups is one undescribed 
species of the small plant Isotoma sp. (from Edgbaston), which is spread across two supergroups 
but occupies only three complexes.  
 
Molluscs made up 52% of the endemic taxa (Figure 2-4e) and the majority of these are restricted to 
a single spring complex (57%) (Table 2-4).  The arthropods collectively account for 23% 
(amphipods and isopods 11 and 12%, respectively) (Figure 2-4e).  A third of amphipods and 
isopods have narrow range status, with the majority being endemic to a single supergroup. The 
fishes contribute 8% of the taxa (Figure 2-4e); most being endemic to a single spring complex 
(Table 2-4).  Vascular plants make up 16% of the taxa, but differ from the fauna in being composed 
of approximately equal parts of all types of endemism except ‘broad supergroup’ (Figure 2-4d and 
e).  
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Table 2-4. List of all fish, mollusc, amphipod, isopod and plant taxa incorporated into this review of endemic species in Great Artesian Basin discharge springs, 
including their higher taxonomic classification, species, any included sub-species and their status (D – described, U – undescribed, PS – putative subspecies, DS 
– described subspecies). Also shown for each taxon are their frequency of occurrence (number of spring complexes, FoC), area of occupancy (total area of each 
occupied complex combined, EoO, in km2), percentage of occurrences within protected complexes (% protect.) and the species-level endemism type (N = 
narrow, NS = narrow supergroup, BS = broad supergroup and B = broad, see Figure 2-4 for examples of each type).    	
Kingdom Phylum Class Order Family Taxon 
Fo
C EoO 
Taxon. 
status 
End. 
type 
     
Animalia Chordata Actinopterygii Atheriniformes Atherinidae Craterocephalus dalhousiensis 1 56.8 D N 
   Atheriniformes Pseduomugilidae Scaturiginichthys vermeilipinnis 1 29.7 D N 
   Siluriformes Plotosidae Neosilurus gloveri 1 56.8 D N 
   Perciformes Eleotridae Mogurnda thermophila 1 56.8 D N 
    Gobiidae Chlamydogobius eremius 15 59.9 D BS 
     Chlamydogobius gloveri 1 56.8 D N 
     Chlamydogobius micropterus 1 0.5 D N 
     Chlamydogobius squamigenus 1 29.7 D N 
Animalia Mollusca Bivalvia Veneroida Lasaeidae Arthritica sp. AMS C.449156 2 80.8 U NS 
  Gastropoda Hygrophila Planorbidae Glyptophysa sp. 1 29.7 U N 
   Hygrophila Planorbidae Gyraleus edgbastonensis 1 29.7 D N 
   Littorinimorpha Bithyniidae Gabbia davisi 1 19.0 D N 
    Bithyniidae Gabbia fontana 1 29.7 D N 
    Tatediae Austropyrgus centralia 1 56.8 D N 
     Caldicochlea globosa 1 56.8 D N 
     Caldicochlea harrisi 1 56.8 D N 
     Edgbastonia allanwilsi 1 29.7 D N 
     Fonscochlea accepta 13 4.4 D BS 
     Fonscochlea aquatica Clade A 3 0.4 PS NS 
BS 
NS 
BS 
     Fonscochlea aquatica Clade B 7 13.2 PS 
     Fonscochlea aquatica Clade C 3 83.1 PS 
     Fonscochlea aquatica Clade D 11 8.7 PS 
     Fonscochlea billakalina 4 83.1 D NS 
     Fonscochlea expandolabra Clade A 2 0.4 PS NS 
BS      Fonscochlea expandolabra Clade B 6 13.2 PS 
     Fonscochlea variabilis Clade A 3 2.8 PS NS 
BS      Fonscochlea variabilis Clade B 12 8.0 PS 
     Fonscochlea zeidleri Clade A 1 45.2 PS N 
BS 
NS 
BS 
BS 
     Fonscochlea zeidleri Clade B 12 14.1 PS 
     Fonscochlea zeidleri Clade C 2 37.8 PS 
     Fonscochlea zeidleri Clade D 12 8.7 PS 
     Fonscochlea zeidleri Clade E 9 4.4 PS 
         …cont 
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Kingdom Phylum Class Order Family Taxon 
Fo
C EoO 
Taxon. 
status 
End. 
type 
Animalia Mollusca Gastropoda Littorinimorpha Tatediae Jardinella acuminata 1 29.7 D N 
     Jardinella colmani 2 43.6 D NS 
     Jardinella coreena 1 2.8 D N 
     Jardinella corrugata 1 29.7 D N 
     Jardinella edgbastonensis 1 29.7 D N 
     Jardinella eulo 2 5.6 D NS 
     Jardinella isolata 2 0.5 D NS 
     Jardinella jesswiseae 1 29.7 D N 
     Jardinella n.sp. AMS C.410721 1 2.7 U N 
     Jardinella n.sp. AMS C.156780 1 0.7 U N 
     Jardinella n.sp. AMS QMS04_1 1 4.4 U N 
     Jardinella n.sp. AMS QMS05 1 4.4 U N 
     Jardinella n.sp. AMS C.QMS04 1 4.4 U N 
     Jardinella n.sp. AMS QMS04_2 1 4.4 U N 
     Jardinella sp. AMS C.447677 2 0.9 U NS 
     Jardinella pallida 1 29.7 D N 
     Jardinella zeiderorum 1 29.7 D N 
     Jardinella sp. AMS C.415845_1 1 29.7 U N 
     Jardinella sp. AMS C.415845_2 1 29.7 U N 
     Posticobia ponderi 1 <0.1 D N 
     Trochidrobia inflata 2 0.4 D NS 
     Trochidrobia minuta 7 1.9 D BS 
     Trochidrobia punicea Clade A 10 8.7 PS BS 
BS      Trochidrobia punicea Clade B 9 4.4 PS 
     Trochidrobia smithii Clade A 6 12.7 PS BS 
BS 
BS 
     Trochidrobia smithii Clade B 7 83.6 PS 
     Trochidrobia smithii Clade C 5 2.0 PS 
Animalia Arthropoda Malacostraca Amphipoda Chiltoniidae Arabunnachiltonia murphyi 2 37.8 D NS 
     Austrochiltonia n.sp. AMSP68165 2 34.0 U NS 
     Austrochiltonia sp. AMS P68160 1 4.4 U N 
     Austrochiltonia dalhousiensis  
     sub.sp. dalhousiensis 
1 56.8 DS N 
     Austrochiltonia n.sp. (North Eyre) 8 13.5 U BS 
     Phraetochiltonia anopthalma 1 56.8 D N 
     Wangiannachiltonia ghania 5 2.0 D BS 
     Wangiannachiltonia gotchi 5 45.7 D BS 
     Wangiannachiltonia guzikae 1 0.9 D N 
     Wangiannachiltonia olympicdamia 4 1.1 D BS 
     Wangiannachiltonia stuarti 4 7.2 D BS 
Animalia Arthropoda Malacostraca Amphipoda Chiltoniidae Wangiannachiltonia wabmakdarbu 6 1.5 D BS 
         …cont 
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Kingdom Phylum Class Order Family Taxon 
Fo
C EoO 
Taxon. 
status 
End. 
type 
Animalia Arthropoda Malacostraca Isopoda Amphisopodidae Phraetomerus latipes Clade 1/C 13 53.9 PS BS 
N 
NS 
N 
NS 
BS 
NS 
NS 
NS 
     Phraetomerus latipes Clade 2/C 1 35.6 PS 
     Phraetomerus latipes Clade 3/C 2 0.4 PS 
     Phraetomerus latipes Clade 4/C 1 2.2 PS 
     Phraetomerus latipes Clade 5/S 3 1.4 PS 
     Phraetomerus latipes Clade 6/S 8 2.8 PS 
     Phraetomerus latipes Clade 7/N 2 0.5 PS 
     Phraetomerus latipes Clade 8/N 2 0.1 PS 
     Phraetomerus latipes Clade 9/N 5 12.6 PS 
   Isopoda Ponderellidae Ponderiella bundoona 2 7.1 D NS 
     Ponderiella ecomanufactia 2 7.1 D NS 
Plantae Angiosperms ~Eudicots Apiales Apiaceae Eryngium fontanum 2 35.0 D NS 
    Araliaceae Hydrocotyle dipleura 8 80.6 D B 
   Asterales Campanulacea Isotoma sp. (Edgbaston) 3 39.4 U B 
    Campanulacea Isotoma sp. (Elizabeth) 1 0.5 U N 
   Lamiales Lentibulariaceae Utricularia fenshamii 5 38.6 D B 
    Phrymaceae Peplidium sp. 2 35.0 U NS 
   Saxifragales Haloragaceae Myriophyllum artesium 19 126.4 D B 
  ~Monocots Poales Eriocaulaceae Eriocaulon aloefolium 1 29.7 D N 
     Eriocaulon carsonii  
     sub.sp. orientalis 
9 65.3 DS B 
     Eriocaulon carsonii  
     sub.sp. carsonii 
9 7.7 DS B 
     Eriocaulon carsonii  
     sub.sp. euloense 
1 4.4 DS N 
     Eriocaulon giganticum 1 29.7 DS N 
     Erogrostis fenshamii 2 1.3 D NS 
     Sporobolus pamelae 8 83.3 D B 
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Figure 2-4. Examples of each of the four identified types of endemism as distribution maps of four 
representative taxa from each type: a) narrow, the fish Scaturiginichthys vermeillipinnis, b) narrow 
supergroup, the isopod Ponderiella bundoona, c) broad supergroup, the mollusc Trochidrobia minuta and d) 
broad, the plant Myriophyllum artesium (the most broadly distributed taxon from this analysis).  Dashed 
lines indicate supergroup boundaries and black circles indicate occupied complexes, e) The relative 
contributions from each group of organisms and the proportion of each endemism type (see legend for 
colour codes of each respective organism group and endemism type).  
 
 
Spatial patterns of biodiversity 
Seventy-six complexes contained one or more endemic taxa (Table 2-5). There was considerable 
spatial variation, but patterns in all biodiversity attributes were generally consistent, and most 
attributes were highly correlated with one another (Pearson’s r > 0.5, Table 2-6). Complexes within 
the Barcaldine, Dalhousie, Lake Eyre and Eulo supergroups had the highest taxonomic richness 
and diversity (Figure 2-5).  Assemblage beta diversity was high in these supergroups, as well as in 
the Springvale supergroup.  The Lake Eyre supergroup is distinct, because complexes are taxon-
rich but have low phylogenetic diversity and endemism (Figure 2-5).  This pattern is created by the 
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distribution of closely related taxa all with relatively large geographic distributions (occupy >1 
complex, as defined by us) and lower diversity of endemic plants. 
 
Table 2-5. The 76 Great Artesian Basin spring complexes identified by this review to contain endemic taxa 
within the groups included here.  Table includes the code used to refer to each complex in-text, which is a 
compound of abbreviations of the Supergroup (first two letters, BA= Barcaldine, BU= Bourke, DA= 
Dalhousie, EU= Eulo, LE= Lake Eyre, LF= Lake Frome, MS= Mitchell Staaten, SS= Springsure) and the 
complex name.  Coordinates for the centroid of the polygon surrounding all springs in the complex. 	
Code Supergroup Complex Longitude Latitude 
BA_ARC Barcaldine Archer's 145.3551 -22.3038 
BA_CAR Barcaldine Caress 145.4055 -23.2806 
BA_CAG Barcaldine Caring 145.3927 -22.1464 
BA_MOS Barcaldine Moses 146.2390 -22.0842 
BA_EDG Barcaldine Pelican Creek 145.4368 -22.7691 
BA_WOB Barcaldine Wobbly 145.3710 -22.2549 
BU_PEE Bourke Peery 143.5852 -30.7262 
DA_DAL Dalhousie Dalhousie 135.4998 -26.4641 
EU_CARP Eulo Carpet 144.8611 -28.1383 
EU_DSEA Eulo Dead Sea 144.8844 -27.9093 
EU_EUT Eulo Eulo Town 145.0309 -28.1713 
EU_GRAN Eulo Granite 144.5472 -28.3273 
EU_JUB Eulo Jubilee 144.5267 -28.4004 
EU_MER Eulo Merimo 144.8414 -28.1923 
EU_TUN Eulo Tunga 144.6320 -28.2192 
EU_TUNG Eulo Tungalla 144.8056 -28.1817 
EU_WOOR Eulo Wooregym 144.7421 -28.2530 
EU_YOW Eulo Yowah Mud 144.7790 -27.9676 
LE_BBH Lake Eyre Beresford Hill 136.6636 -29.2642 
LE_UBC Lake Eyre Big Cadna-owie 135.6679 -27.8579 
LE_NBP Lake Eyre Big Perry 136.3517 -28.3398 
LE_KBK Lake Eyre Billa Kalina 136.4460 -29.4870 
LE_PBI Lake Eyre Birribiana 135.7095 -28.2061 
LE_CBC Lake Eyre Blanche Cup 136.8685 -29.4528 
LE_HBO Lake Eyre Bopeechee 137.3859 -29.6071 
LE_NBS Lake Eyre Brinkley 136.3059 -28.5033 
LE_CBU Lake Eyre Buttercup 136.8949 -29.4811 
LE_CCS Lake Eyre Coward 136.7933 -29.4006 
LE_WDS Lake Eyre Davenport 137.5874 -29.6641 
LE_HDB Lake Eyre Dead Boy 137.4091 -29.6031 
LE_CEN Lake Eyre Elizabeth North 136.7701 -29.3527 
LE_CEL Lake Eyre Elizabeth South 136.7789 -29.3621 
LE_LES Lake Eyre Emerald 137.0639 -29.3836 
LE_FES Lake Eyre Emily 136.4036 -29.0429 
LE_NFS Lake Eyre Fanny 136.2364 -28.3232 
LE_HFL Lake Eyre Finniss Well 137.4703 -29.5817 
LE_FFS Lake Eyre Francis Swamp 136.2988 -29.1410 
LE_EFS Lake Eyre Freeling 135.9045 -28.0703 
LE_EFN Lake Eyre Freeling North 135.8973 -28.0552 
LE_LGS Lake Eyre Gosse 137.3426 -29.4642 
LE_NHS Lake Eyre Hawker 136.1865 -28.4228 
LE_HHS Lake Eyre Hermit Hill 137.4300 -29.5727 
LE_CHE Lake Eyre Horse East 136.9215 -29.4890 
LE_CHW Lake Eyre Horse West 136.9130 -29.4862 
    …cont 
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Code Supergroup Complex Longitude Latitude 
LE_CJE Lake Eyre Jersey 136.7575 -29.3423 
LE_CKH Lake Eyre Kewson Hill 136.8280 -29.4084 
LE_NLS Lake Eyre Levi 136.1512 -28.3798 
LE_NMI Lake Eyre Milne 136.0783 -28.2637 
LE_CMH Lake Eyre Mt Hamilton Ruin 136.9017 -29.4919 
LE_HNW Lake Eyre North West 137.4021 -29.5558 
LE_HOF Lake Eyre Old Finniss 137.4497 -29.5862 
LE_HOW Lake Eyre Old Woman 137.4510 -29.5960 
LE_NOS Lake Eyre Outside 136.2072 -28.2639 
LE_NSH Lake Eyre Spring Hill 136.1544 -28.4182 
LE_CSS Lake Eyre Strangways 136.5481 -29.1596 
LE_HSS Lake Eyre Sulphuric 137.4010 -29.6067 
LE_NTF Lake Eyre The Fountain 136.2807 -28.3430 
LE_NTM Lake Eyre Twelve Mile 136.2573 -28.3089 
LE_WWA Lake Eyre Wangianna 137.7126 -29.6739 
LE_BWS Lake Eyre Warburton 136.6708 -29.2740 
LE_WWS Lake Eyre Welcome 137.8281 -29.6726 
LE_HWF Lake Eyre West Finniss 137.4105 -29.5951 
LF_ZMS Lake Frome Mulligan 139.9681 -29.7245 
LF_OPC Lake Frome Petermorra 139.5353 -29.7601 
LF_OPH Lake Frome Public House 139.4886 -29.7626 
LF_OTS Lake Frome Twelve 139.6646 -29.8436 
MS_GAM Mitchell/Staaten Gammyleg 143.5671 -16.3615 
SS_COC Springsure Cockatoo 150.2538 -25.7256 
SS_LUC Springsure LuckyLast 148.7739 -25.7952 
SS_PRI Springsure Prices 150.1283 -25.4762 
SS_SCO Springsure Scotts Creek 149.2841 -25.8895 
SS_ELI Springvale Elizabeth 140.5819 -23.3427 
SS_MDAT Springvale Mt Datson 140.4309 -22.8455 
SS_REE Springvale Reedy 140.4493 -22.9184 
SS_SPR Springvale Spring Creek 140.6958 -23.5697 
 
 
 
Table 2-6. Correlation coefficients (Pearson’s r) among biodiversity attributes of spring complexes (n=326). 
 
Biodiversity attribute S H' TE PD PE BD 
Taxonomic Richness (S) 
      Taxonomic Diversity (H') 0.944 
     Taxonomic Endemism (TE) 0.807 0.617 
    Phylogenetic Diversity (PD) 0.965 0.978 0.676 
   Phylogenetic Endemism (PE) 0.829 0.649 0.998 0.707 
  Assemblage Beta Diversity (BD) 0.878 0.949 0.519 0.957 0.557 
 Conservation Rank (CR) 0.877 0.714 0.989 0.764 0.993 0.618 
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Figure 2-5. Spatial variation in biodiversity attributes of spring complexes.  Spring complexes belonging to 
each supergroup are enclosed by dashed lines.  
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Cluster analysis identified 33 distinct combinations of endemic taxa, with very few complexes 
containing similar combination of taxa (Appendix 2-3.1). Complexes from the Eulo, Barcaldine, 
Lake Eyre and Dalhousie supergroups host suites of taxa that are dissimilar to all others (groups 8 – 
10, 13 and 12 - 25).  Many complexes (as defined by this study) from the Kati – Thanda (Lake 
Eyre) region are similar, but suites of taxa from different regional clusters of complexes are highly 
dissimilar (Appendix 2-3.1).  Complexes from the centre of the supergroup (codes with ‘C’ and 
‘B’) are highly dissimilar from those in the north (codes with ‘N’ or ‘E’) and south (codes with ‘H’ 
or ‘W’).  Only two suites of taxa are distributed across different supergroups (group 19); they both 
contain a broadly distributed plant species and little else (Appendix 2-3.2).   
 
Environmental predictors of biodiversity patterns 
There were no strong relationships between biodiversity and any particular environmental 
variables, though there were consistent patterns in the direction of relationships, either positive or 
negative, between all measures of biodiversity and environmental variables across all statistical 
models for biodiversity (Table 2-7). Spring complexes with high total number of springs, low 
spatial isolation via Euclidean distance but high isolation via drainage networks (i.e. short distances 
as the crow flies to other complexes, but little connectivity via rivers and creeks), and low mean 
annual rainfall were more likely to contain endemic taxa (correct classification rate of 0.73 and an 
area under the ROC curve of 0.78).  However, models that predicted variation in biodiversity 
attributes (i.e. how many taxa) showed weak to moderate fits to the data (pseudo-r2 values ranging 
from 0.26 to 0.38). Complexes with higher biodiversity were generally larger, closer to other 
complexes via Euclidean distance (low degree of spatial isolation), had high drainage network 
isolation and low rainfall erosivity.  
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Table 2-7.  Parameter estimates (± SE) and significance levels from the hurdle multiple regression models relating environmental variables to 
biodiversity attributes. Also shown are measures of model performance including the correct classification rate and AUC value for the binomial (0/1) 
component of the model, and the pseudo R2 for the non-zero components (biodiversity attributes). (AUC = area under the receiver operating 
characteristic curve) 
  non-zero component 
Predictor variable 
0/1 component 
Taxonomic 
Richness (S) 
Taxonomic 
Diversity (H') 
Taxonomic 
Endemism (TE) 
Phylogenetic 
Diversity (PD) 
Phylogenetic 
Endemism (PE) 
Assemblage Beta 
Diversity (BD) 
Estimate P Estimate P Estimate P Estimate P Estimate P Estimate P Estimate P 
Number of springs per 
complex 0.03 ± 0.01 0.000     0.01 ± 0.00 0.10       
Complex area   0.33 ± 0.05 0.00 0.10 ± 0.03 0.000 0.37 ± 0.13 0.01 0.23 ± 0.06 0.00 0.49 ± 0.10 0.00 0.13 ± 0.03 0.00 Mean Euclidean distance -0.77 ± 0.44 0.080 -1.29 ± 0.32 0.00 -0.23 ± 0.07 0.002   -0.56 ± 0.17 0.00 -1.00 ± 0.51 0.05 -0.32 ± 0.10 0.00 Count connected by 
drainage network -0.54 ± 0.20 0.007 -0.37 ± 0.10 0.00 -0.10 ± 0.03 0.000   -0.31 ± 0.06 0.00 -0.36 ± 0.16 0.03 -0.13 ± 0.04 0.00 
Count connected by 
surface water inundation 
areas   
0.10 ± 0.06 0.11     0.08 ± 0.06 0.17 0.22 ± 0.11 0.04   
Elevation   -0.44 ± 0.19 0.02           Mean annual solar 
radiation     -0.32 ± 0.09 0.001   -0.72 ± 0.22 0.00   -0.44 ± 0.12 0.00 
Mean annual temperature   0.52 ± 0.10 0.00 0.37 ± 0.09 0.000 0.58 ± 0.13 0.00 0.95 ± 0.23 0.00 0.51 ± 0.12 0.00 0.50 ± 0.13 0.00 Mean annual rainfall 0.73 ± 0.47 0.118 2.12 ± 0.48 0.00       0.76 ± 0.51 0.14   
Rainfall erosivity   -0.81 ± 0.28 0.00 -0.15 ± 0.08 0.055 
-0.41 ± 
0.13 0.00 -0.40 ± 0.19 0.04   -0.20 ± 0.10 0.06 
Net terrestrial primary 
productivity               
Model performance              
Classification rate 0.73 
            AUC 0.78 
            Pseudo R2 
  
0.38 0.37 0.26 0.38 0.38 0.36 
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Conservation ranking and inclusion within conservation reserves 
Pelican Creek (BA_EDG, Barcaldine supergroup) had the highest conservation rank, followed by 
Dalhousie (DA_DAL, Dalhousie supergroup), Yowah (EU_YOW, Eulo supergroup), Elizabeth 
Springs (SV_ELI, Springvale supergroup), Strangways and Freeling springs (LE_CSS and 
LE_FFS, Lake Eyre supergroup) (Figure 2-6).  Eighteen complexes containing endemic taxa scored 
less than 10 (primarily in the Eulo, Lake Frome and Springsure supergroups).  The top 25 ranked 
complexes contain all endemic taxa included in this review (Figure 2-6).  These top-ranking 
complexes are spread across the basin (i.e. there are high ranking complexes in many supergroups).  
Across the basin, only 66 of the 326 spring complexes contained springs that are within 
conservation reserves (Figure 2-7).  Of the top 25 ranked complexes, which contain all species 
endemic to the system, only 6 contain springs within a conservation reserve (Figure 2-6).   
 
 
 
Figure 2-6.  The 76 spring complexes of the GAB that contain endemic species in descending order of 
Conservation rank (sensu Fensham and Price (2004)), showing the endemic species richness for each 
complex (black bars, axis on the left) and the cumulative richness for entire GAB associated springs system 
(grey line, axis on the right).  Also included are the final Conservation score for each complex and the 
complex code and supergroup (see Table 2-6 for full names and locations). 
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Figure 2-7. Map of GAB (shaded area) and spring complexes characterised by their level of protection (% 
springs within IUCN protected areas; source: CAPAD 2014). Spring complexes belonging to each 
supergroup are enclosed by dashed lines. 
 
 
 
The threatened species status assigned to each taxon is not consistent, and species with narrow 
ranges or threatened species assignments are not necessarily the best protected.  More critical 
listings (e.g. vulnerable, endangered and critically endangered) are biased toward fish and plant 
taxa (Figure 2-8), which were relatively well-assessed and represented in conservation listings 
(Figure 2-8).  Most have all or at least 40% of populations within protected areas except for E. 
carsoni sub sp. euloense and sub sp. carsonii, M. artesium (Figure 2-8).  Three of the fishes are 
federally listed across varying levels (S. vermeilipinnis, C. micropterus and C. squamigenus), 
though none match the IUCN level (all critically endangered) (Figure 2-8).  However, the 
remaining fish taxa are unevaluated under any scheme, and receive no listing under state or federal 
legislation (e.g. N. gloveri and M. thermophila) (Figure 2-8).  Newly discovered and undescribed 
species are currently not assessed or listed, even though many of them have severely restricted 
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spatial distributions (e.g. both species of undescribed Isotoma, E. aloefolium and E. giganticum) 
(Figure 2-8).   
 
In contrast, the invertebrates are poorly represented in any conservation listing (Figure 2-8) and are 
composed primarily of taxa with no population within a protected area.  No endemic invertebrate 
taxa are listed as threatened species individually under the EPBC act outside of the blanket 
“community” listing, or any state-level legislation.  This is in direct contrast to the IUCN 
assessment made for many species, for example Jardinella colmani is considered critically 
endangered, and most species of described Fonscochlea and Jardinella are endangered or 
vulnerable (Figure 2-8).  Many described species (primarily those within the Bythiniidae and 
Planorbidae) are yet to be evaluated.  No arthropod had been assessed under the IUCN at the time 
of writing (Figure 2-8), and recently described species complexes within the Wangiannachiltonia 
genera are yet to be added to the EPBC “threatened community” listing. 
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Figure 2-8. Composite figure showing information for each taxon at species level (i.e. those species with 
distinct clades or subspecies have been collapsed) regarding frequency of occurrence (number of complexes 
occupied), the current state of data deficiency (with 24 being the highest score representing adequate data to 
make informed conservation decisions), the percentage of populations within a conservation area, and the 
alignment of four different types of conservation protection.  The grey to black colour coding in the GAB 
column represents species named within the EPBC “threatened community” (light grey= absent, dark grey= 
listed as a single species but should be numerous sub-species or clades, and black= included.  The other 
three columns (IUCN, EPBC and State) represent different types of conservation assessment with the 
representative levels of each in the legend.  
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Current state of knowledge and key data deficiencies  
Across all taxa, there are differences in the types of data available (Figure 2-9).  For 30% of taxa, a 
published taxonomic description is yet to be made.  Good or extensive data is available regarding 
the presence or absence of taxa among spring complexes, but knowledge concerning taxon 
distributions at finer spatial scales (i.e. individual springs within complexes) is available for only 
~70% of taxa.  For >75% of organisms there are no published estimates of abundance anywhere 
within the range, or information concerning the connectivity between populations.  Literature 
regarding the basic ecology of >50% of taxa is completely absent and the vast majority of species 
have little quantitative information available regarding how they respond to threatening processes 
(Figure 2-9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-9. The varying levels of data deficiency for different information types (taxonomy, distribution, 
abundance, connectivity, ecology, threats) identified across all taxa (red = data deficient, orange = basic 
data, yellow = good data and green = extensive data). 
 
 
The relative quantity and nature of available data differs considerably across taxonomic groups.  Of 
all groups, the fishes have the best scores (Figure 2-8), but some taxa still score low (e.g. the 
Dalhousie catfish N. gloveri).  The molluscs have the broadest range of data scores (Figure 2-8), 
with equal numbers scoring the highest (e.g. Fonscochlea and Trochidrobia) and the lowest (e.g. 
Glyptophysa and Gabbia) (Figure 2-8).  The low-scoring taxa tend to be within the less diverse 
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families (e.g. the only species of bivalve scored lowest).  Both groups of Malacostraca considered 
here scored moderately (Figure 2-8) and low scoring taxa are from radiations outside of the Lake 
Eyre system (both species of Ponderiella and an undescribed Austrochiltonia from Queensland).  
Most plant taxa fall within the moderate range of scores, though three species have low scores 
(Isotoma, Chloris and Peplidium) (Figure 2-8).   
 
 
Discussion  
The Great Artesian Basin is one of the world’s largest actively recharging aquifers (Richey, 2015; 
Famiglietti, 2014).  It maintains springs that have persisted through quaternary climatic changes 
(Davies et al. 2013), and now act as museums of past diversity and cradles of modern 
diversification (Murphy et al., 2015a).  Flora and fauna endemic to GAB springs represent a broad 
range of taxa, the full diversity of which is yet to be described or discovered.  Most have highly 
restricted distributions, and high biodiversity is concentrated in particular parts of the basin.  The 
physical characteristics of spring complexes helped to explain whether endemic species were 
present, they were not helpful for explaining patterns of biodiversity.  Despite a history of severe 
habitat loss and national conservation attention, very few biodiversity ‘hot spots’ are protected by 
conservation reserves. This leaves endemic taxa, and invertebrates in particular, still vulnerable to 
extinction over a decade after the systems’ conservation was made a national concern.  
 
Particular complex characteristics explain whether endemic taxa are present or not, but show 
limited correlation with the number of taxa or measures of their phylogenetic diversity and 
distinctiveness. There are numerous reasons why this may be the case.  Important environmental 
variables may be absent from our statistical models, or variables of importance may be masked by 
the conflicting requirements of the diverse range of taxa.  As in other spring systems, historical 
processes appear more important than contemporary ones (Horsák et al., 2007).  Geological and 
past hydrological processes in the Australian arid zone are likely to have led to alternate phases of 
isolation and connection of springs  (Byrne, 2008), and the path by which each species colonised 
the springs are likely to have been diverse (Murphy et al., 2009; Ponder & Slayter, 2010).  The 
species we see today are ‘mesic relics’ of past patterns of biodiversity we cannot know (Murphy et 
al., 2015a; Ponder, 1995; Ponder, 1985).  The ancestors of many have probably gone extinct, others 
are the current manifestation of diversifications that did not necessarily occur where taxa are 
currently found (Ponder & Clark, 1990). Modern extinctions are also important; supergroups with 
low diversity are, unsurprisingly, those that have experienced severe habitat loss (e.g. Flinders 
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River, Eulo and Bourke (Fairfax & Fensham, 2002; Fairfax & Fensham, 2003; Fensham et al., 
2016).  Considering the prevalence of species with ranges restricted to a single complex, and that 
entire complexes have become dormant, the diversity we see now is unlikely to be representative of 
that which persisted before the 1890’s.  Although spring complexes with lots of springs over a 
large area are more likely to contain endemic taxa, the particular processes that created, and now 
maintain, endemic diversity are subtle and likely to be complex-specific. 
 
The history of species discovery in GAB springs is a recent one, and will continue as new 
techniques are employed.  Since the 1980s, the number of described species endemic to GAB 
springs has rapidly increased (Figure 2-10).  For some taxa, the species described or awaiting 
description can be considered a fair estimate of diversity (e.g. fishes), for others molecular 
investigations continue to reveal cryptic species complexes (e.g. the Wangiannachiltonia radiation 
(King, 2009), Chlamydogobius eremius (Mossop et al., 2015)). In others, they reveal 
geographically isolated populations whose divergence is generally indicative of species-level splits 
(Murphy et al., 2012; Murphy et al., 2010; Ponder et al., 1995).  The estimates presented here are 
also underestimates because many taxa await basic investigation (see Appendix 2-3) – algae are 
largely overlooked (McGregor & Sendall, 2017), as are Acari and other arachnids (Gotch et al., 
2008), Ostracoda (De Dekker, 1979), all of which are abundant (Rossini et al., 2015), contain 
endemics (Furler & Willing, 2006; Ponder et al., 2010) and are important components of spring 
ecosystems elsewhere (Cantonati et al., 2012b).  There is a great deal of arthropod diversity in 
other classes and their seasonal semi-aquatic lifecycles make sampling complex (Cantonati et al. 
2007), though their general propensity for long-distance dispersal may mean few are endemic 
(Ponder et al., 2010).  The relatively recent and rapid rate of species discovery in this system, and 
the prevailing data deficiency regarding many taxonomic groups highlights the need for continued 
discovery and description of diversity in GAB springs. 
 
In addition to the specialised taxa endemic to springs, this review has made no account of the 
diverse flora and fauna that rely on springs but are not endemic to them (see Fensham et al. 
(2011)).  The permanence of springs allow some species with core distributions on the coast to 
persist as highly isolated populations in arid regions (Clarke et al., 2013).  A large component of 
plant diversity in springs (particularly in the southern springs) are encompassed in this type of 
distribution (Clarke et al., 2013; Fensham et al., 2004a; Fensham et al., 2004b; Fensham et al., 
2010; Fensham et al., 2011).  Springs also provide refuges during dry periods for species with 
broad distributions (e.g. kangaroo, waterbirds, amphibians) (Davis et al., 2013; Davis et al., 2017).  
Though species endemic to springs will be the worst affected if springs no longer provide a 
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permanent water source in the arid landscape, these more cosmopolitan taxa will undoubtedly 
suffer also.  The estimate of diversity presented here is larger than one made based solely on 
described species (Figure 8), but is by no means a proper representation of diversity in this system.  
Although we have emphasised that the majority of endemic taxa are concentrated in a relatively 
small number of complexes, other locations are not valueless for conservation.  They are all vital 
sources of permanent water in one of the worlds most arid regions that provide refugia to a diverse 
array of organisms and may, with further enquiry, be found to contain their own unique endemic 
taxa. 
 
 
 
 
Figure 2-10.  Graphical representation of the rapid rate at which species endemic to GAB springs 
have been described, broken up into broad taxonomic groups denoted by colour: fishes (blue), 
molluscs (purple), amphipods and isopods (grey) and plants (green).  The estimates of taxa richness 
made by this review are added as a dark expanded column in 2016, to demonstrate the expansion of 
the current estimates of the diversity of species endemic to GAB discharge springs shown in Figure 
1-3. 
 
 
Restricted geographical distributions are the norm across the broad range of taxa endemic to GAB 
springs (Fensham et al., 2011; Ponder & Slatyer, 2010), and high endemic diversity is concentrated 
in particular regions.  This has important implication for how the system is conserved. The 
“community” of taxa endemic to GAB springs is by no means spatially homogenous, so the 
protection of a selected portion of one region cannot guarantee the persistence of diversity in the 
system as a whole.  Of the top 25 ranked complexes, very few are protected within conservation 
reserves, and most taxa endemic to complexes outside of protected areas are afforded no additional 
protection by being listed as a threatened species.  This is particularly pertinent for invertebrate 
taxa, many of which undoubtedly face the same threats as listed vertebrate species but remain 
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unassessed or absent in conservation legislation.  Such conservation biases against invertebrates are 
a global problem, and one particularly pertinent in freshwater systems (Strayer, 2006), resulting 
from perceptions of invertebrates and the criteria we use for evaluating extinction risk (Cardoso et 
al., 2011).  In GAB springs, the majority of endemic species are invertebrates with highly restricted 
ranges, specific habitat requirements (Ponder et al. 1989; Rossini et al., 2017), and exposure to the 
same threats as better-protected species like the fishes (e.g. predation by invasive species (Clifford 
et al., 2013), habitat degradation associated with disturbance (Kovac & Mackay, 2009; Munro et 
al., 2009).  If we are to maintain biodiversity in this system, more attention needs to be afforded to 
endemic invertebrates and their conservation. 
 
A basin-wide approach that involves a broad range of stakeholders acting within their respective 
jurisdictions is needed to facilitate more effective on-ground conservation.  Despite the 
conservation shortcomings highlighted here, there are success stories: some high value spring 
complexes are within conservation reserves.  Stakeholders such as Indigenous custodians (Ah 
Chee, 1995) and landholders (Harris, 1992; Kerezsy, 2014) actively participate in conservation.  
However, most taxa listed in this review remain outside of protected areas, with no concrete 
evidence of efforts to manage or conserve their populations.  Whilst these on-ground actions offer 
protection from some threats (e.g. disturbance by ungulate grazers, physical modification) they are 
futile if the groundwater resources are not also safeguarded.  Groundwater systems are highly 
threatened (Danielopol et al., 2003), with most of the world’s aquifers in severe decline 
(Famiglietti, 2014). Groundwater drawdown is considered the primary driver of losses of GAB 
springs since the 1890s (Fairfax & Fensham, 2002; Fairfax & Fensham, 2003; Fensham et al., 
2016; Powell et al. 2015), and remains the only process documented to cause extinctions (Fensham 
et al., 2010). Recent successes from basin-wide programs have led to an increase in basin pressure 
(Sinclair, 2014).  However, ongoing updates regarding the complex hydrogeology of the GAB 
system (Smerdon et al. 2012), and the conflicting interests of a range of industries, render the 
future of permanent flow within the GAB questionable. Without safeguarding groundwater 
resources, the broad-scale reductions in pressure and resulting loss of springs that occurred when 
colonists first began drawing water from this seemingly “endless” resource will continue, and the 
unique evolutionary narratives told by species endemic to springs will be lost. 
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Chapter 3 – Determining optimal sampling strategies for monitoring threatened endemic 
macro-invertebrates in Australia’s artesian springs 
 
Introduction 
Invertebrates in freshwater ecosystems face considerable threats (Bland et al., 2012; Cardoso et al., 
2011; Dudgeon et al., 2006; Geist, 2011). Broadly applied standardised sampling regimes have 
facilitated data acquisition, comparison and classification in some systems, resulting in 
conservation action that mitigates these threats.  For example, the study of classical lentic and lotic 
stream and lake systems, and their comparison has a long academic history, with methods 
remaining relatively unchanged across time and study location (Metcalfe, 1989; Lenat & Barbour, 
1994; Johnson et al., 2006). Efforts to pool this information and set conservation goals for 
freshwater systems globally are well developed (Abell et al., 2007; Abell et al., 2008; Geist, 2011; 
Gleick, 2003; Linke et al., 2011).  Such standardised efforts are widely acknowledged as the key to 
effective conservation in regions where such a legacy does not exist (Dudgeon, 2003). 
 
Spring research and resulting conservation is guided in some regions by standardised efforts across 
long-term, pan-regional, groundwater and surface level study (Europe - Cantonati et al. (2006); 
New Zealand – Scarsbrook et al. (2007); America – Sada et al., (2005); Weissinger et al. (2012)).  
Lessons from these established programs suggest that broad-scale sampling regimes must be 
sensitive to the interaction between environmental heterogeneity seen within and between springs, 
and the biases created by its interaction with particular methods or the need to collect particular 
taxa. Spring fauna belong to a diverse range of phyla (Cantonati et al., 2007; Ponder, 1989; Stevens 
& Meretsky, 2008), meaning any standard method that seeks to assess diversity must sample a 
broad set of sizes (e.g. copepods and diatoms, to fishes) and lifestyles (e.g. active swimmers, 
benthic crawlers) (Greene, 2005).  Each species also potentially utilises the heterogeneous spring 
environment in a different way. If sampling regimes are not structured appropriately in space or 
time species may be overlooked. 
 
Australian spring systems are ecologically rich and threatened, but in-depth enquiry regarding 
biology and subsequent conservation action within this system is ill developed.  Efforts to collect 
data have generally been idiosyncratic; published research has employed different methods with 
effort focussed on particular regions and taxa (Table 3-1). Targeted studies of diversity or 
abundance are rare, meaning rapid methods with no implicit spatial component within the spring 
are the norm (Munro et al., 2009) (Table 3-1). Relatively few studies use ‘coring’ (Table 3-1), 
although this method is common in other submersed vegetated environments (e.g. in seagrass - 
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Clarke et al., (2013)) because it is robust to vegetation-based biases. These disparate methods and 
differences in spatial structuring are likely to create biases, rendering comparisons between existing 
studies difficult (Cantonati et al., 2007).  
 
Table 3-1 Summary of the method used by Australian GAB spring papers that investigated aquatic macro-
invertebrates published within the last 50 years.  Codes for location (the supergroup where study was 
conducted) within Queensland: B- Barcaldine, SV- Springvale, E- Eulo, SS- Springsure, F- Flinders River; 
within South Australia: LE- Lake Eyre, D- Dalhousie.  Codes for target response: ALL- All aquatic macro-
invertebrates, G- Gastropoda, A- Amphipoda, I- Isopoda, O- Ostracoda.  Codes for target response: A- 
abundance, D- diversity, G- genetic differentiation, T – taxonomy. 		
Authors Location Target fauna 
Target 
response Method  
Colgan & Ponder (2000) LE, D G G Scoop 
Colgan, Ponder, & Da Costa (2006) D G G Scoop 
Guzik et al. (2012) LE A G Scoop 
Kerezsy & Fensham (2013) B ALL A,D Scoop 
Munro et al. (2009) LE ALL A,D Core 
Murphy et al. (2009) LE, D, B A G NA 
Murphy et al. (2010) LE A, I, O, G G NA 
Murphy et al., (2012) LE G G NA 
Murphy et al. (2013) LE A G NA 
Perez et al. (2005) LE, D, SV, SS, E, B  G G NA 
Ponder & Clark (1990) B, F, SV, SS  G T Scoop 
Ponder et al. (1989) LE G T Scoop 
Ponder et al. (1995) LE G G Scoop 
Ponder et al. (2010) B ALL T NA 
Worthington-Wilmer & Wilcox (2007) LE G G Scoop 
Worthington-Wilmer et al. (2008) LE G G Scoop 
Worthington-Wilmer et al. (2011) LE G G Scoop 
 
 
In this thesis chapter, I aimed to compare the effectiveness of the two most common methods for 
sampling diversity and abundance of macro-invertebrates across different springs.  Given the 
diversity across taxonomic groups and good taxonomic refinement thanks to existing base-line 
museum surveys, I chose to conduct this comparison at the Pelican Creek springs in central 
Queensland.  Due to difficulties with taxonomic refinement below family level for most macro-
invertebrates other than gastropods, I aimed to compare methods for sampling diversity and 
abundance at a family level for non-gastropod taxa and at a species level for all gastropod taxa. 
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Methods 
Study site 
Sampling was focused on the Edgbaston conservation reserve (managed by Bush Heritage 
Australia) which encompasses the majority of the Pelican Creek springs complex within the 
Barcaldine spring supergroup in Western Queensland (Figure 3-1). Springs emerge on Edgbaston 
on flat clay pans and Spinifex desert below an upland rise. Water discharged into springs emanates 
from the Great Artesian Basin into flat limnocrenic soft sediment benthos wetlands characterised 
by still standing water that collects in shallow vegetated pools (<1m deep) then drains slowly into a 
shallow (<10mm) impermanent ‘tail’ (see Habermehl (1982) for full description of springs within 
Australia and this system).  The reserve protects over 100 springs of this nature, spanning the 
~8000ha property, three of which were selected to capture the diversity of surface characteristics 
present in the region: one large deep spring (wetted area ~1000m2, average depth 42mm, maximum 
depth 170mm) in the north-east of the complex (NE60), one medium sized spring (wetted area 
~600 m2, average depth 24mm, maximum depth 100mm) within a clay flood-pan at the centre of 
the complex (E509), and one small (~200m2, average depth 17mm, maximum depth 60mm) 
isolated spring amongst Spinifex on the north-west of the complex (NW72) (Figure 3-1). 
 
Great Artesian Basin springs in this complex generally have a gradient of environments (Figure 3-
1b).  Sediment is soft throughout, but range across springs from heavy clay in some (NW72) to silt 
(NE60) and sand (E509). The vent is not always visible, but discernable by the deep pool into 
which water flows.  At this place, standing pools of water are deepest and contain dense vegetation, 
usually clumping small plants (as seen in all springs studied here) or large Phragmites reeds (as 
seen in NE60).  This water then drains away across a pool of variable extent and depth, eventually 
forming a shallow but moist tail area that is sparsely vegetated and sporadically dries.  To 
determine if area sampled within spring affects estimates, this study aimed to compare two of the 
most disparate areas of this range. ‘Tail’ samples were collected in the shallowest draining section 
of the spring (Figure 3-1c) where water was less than 10mm deep and periodically dried, ‘pool’ 
samples from the vent pool where water was permanent and the depth was greater than 60mm 
(Figure 3-1d).  All samples were collected in a randomised fashion between 10am and 2pm as the 
spring ‘tail’ occasionally dries in the late afternoon causing organisms to retreat to standing water 
or burrow (pers. obs.). 
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Figure 3-1 Great Artesian Basin springs of Australia are 
clustered into 13 major supergroups. Each spring is typically 
composed of a gradient of microenvironments ranging from a 
shallow vent pool to a periodically drying tail. a) Eastern 
Australia with the Great Artesian Basin (stippled overlay on 
map), all spring supergroups denoted by dashed lines and 
Edgbaston expanded into a detail of the springs within the 
reserve and the particular springs used in this study (springs as 
black circles, grey denotes ephemeral watercourses).  
Photographs of b) a typical spring (represented by NE60) with 
the location of, and condition at c) the ‘tail’ d) and ‘pool’ used in 
this study. 
 
 
Sampling protocol 
Samples were collected in two rounds, July and November 2013.  In July, scoop and core methods 
were compared across three springs.  In November we sought to refine core methods only for 
gastropods by comparing two different sized cores in the most diverse spring (E509). In July, five 
replicates of each method were randomly taken within the two sampling areas of each spring, 
giving a total of 20 samples per spring.  In November, three replicate blocks of samples (consisting 
of three small cores taken within a 20cm radius of one large core) were taken in each area.  Small 
cores were collected and analysed separately (to give estimates of variance between replicate cores) 
but considered a single sample, giving a total of 12 samples.   
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Details of each method 
Scoop method:  A metal-framed aquarium scoop (10cm x 10cm) was fitted with a 1mm mesh net.  
This method differs somewhat from other scoop methods (e.g. the use of a kitchen sieve in the 
work of Ponder), however we endeavoured to re-enforce the frame of the scoop and scrape all 
surfaces that were sampled in order to best replicate the previous methodologies.  At each sampling 
point, the net was scraped along a 10cm line of whatever surface was present in one sweep (giving 
a total surface sampled area of 100cm2).  Where thick vegetation was present stronger force was 
applied in an attempt to move through vegetation and scrape the underlying sediment.  In un-
vegetated areas, the net was not pushed in to the sediment any further than 1cm.  This method 
differs slightly from those used previously, which range from haphazard repeated scoops in only 
soft sediment (Kerezsy and Fensham, 2013) to pooled subsamples collected with a ladle 
(Worthington Wilmer and Wilcox, 2007) but was used as an approximation of all methods.  The 
sample was immediately transferred to a sorting tray and then rinsed with filtered spring water.  
The content of the tray was sieved through a 1mm mesh sieve to remove excess sediment.  Sieve 
contents were then stored in 80% ethanol. 
 
Core method:  In July only large cores were used.  Large cores consisted of a 15cm diameter plastic 
pipe (giving total surface area of 176cm2).  At each sampling point this pipe was driven 5cm deep 
into the sediment and vegetation, extracted and transferred immediately into a 3mm mesh sieve 
over a bucket.  The core was broken up and washed using filtered spring water, separating 
sediment, animals and small particles from large clumps of vegetation or rock.  All large clumps of 
vegetation were rinsed, checked for large visible animals then re-planted.  Any large animals that 
did not pass through the sieve were transferred to the bucket.  Contents of the bucket were then 
passed through a second sieve with mesh diameter of 1mm (as per scoop method above).  All that 
remained in the second sieve was stored in 80% ethanol. 
 
In November this large core method was repeated and compared to a small core method.  We 
created small cores by sawing off and sharpening the end of a 60mL plastic syringe.  At each 
sampling point, this core was inserted into the sediment and vegetation to a depth of 3cm, extracted 
and immediately ejected into a sample jar.  This jar was then topped up with 80% ethanol and no 
sieving occurred.  The difference in depth between small and large core (3cm versus 5cm 
respectively) was necessary to ensure the core could be extracted – a 15cm radius core could not be 
pulled from the ground if only inserted to 3cm depth.  Anecdotal observations of organisms 
burrowing are common but rarely deeper than 2cm (pers. obs.). 
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Response variables 
The collection techniques used here focus on macro-invertebrates >1mm associated with sediments 
and vegetation.  Some fauna are excluded due to the large mesh size and sampling technique 
(mostly small planktonic crustacea such as the Cladocera and Calanoid copepods). The invertebrate 
fauna of Edgbaston is relatively well documented and taxonomically refined (Ponder et al., 2010), 
however many species remain undescribed to genus or species, thus response variables concerning 
all invertebrates were restricted to family level.  As better resolution is available for the gastropods 
(all species are officially described except one – Glyptophysa n. sp. AMS C.381628 (Ponder et al., 
2010), a second response variable considering all gastropods to species level was incorporated. 
 
All samples were processed within 6 months of collection and sorted using a dissecting 
microscope.  All individuals were identified to the designated taxonomic level, counted and stored.  
Egg (only in the gastropods) counts were excluded and larval stages (arthropods) were counted in 
the total alongside adults. 
 
Data analysis 
Species counts were converted to the number of individuals per cm2, as methods did not sample 
same surface area.  All analyses were partitioned into two response factors: family level of all 
macro-invertebrates and species level in the gastropods.  All statistical analyses were conducted in 
R-studio (RCore Tean, 2016).  Assessment of the differences in assemblages across springs 
occurred in three steps.  The first step was a general overview of similarity between samples 
grouped by method and area within each spring.  nMDS plots using Bray-Curtis similarity indices 
were constructed in the metaMDS function in the ‘vegan’ package of R (Oksanen et al., 2011).  
Stress values displayed on plots are the final stress achieved.  Separate plots were constructed for 
invertebrate family and species level data, and presented separately for each spring for clarity. 
 
The second step focussed on estimates of invertebrate family and gastropod species richness.  Data 
passed Cochran’s C test for heteroscedacity (tested using c.test on the GAD package) so ANOVA 
was used on untransformed data to assess the effect of spring (random: E509, NE60 and NW75), 
area (fixed: ‘tail’ or ‘pool’) method (fixed: core or scoop for July, large and small core for 
November) and interactions between these terms for both response variables.   
 
The third step focussed on abundance estimates within each invertebrate family and gastropod 
species.  Separate ANOVA and Tukey HSD post-hoc analyses were calculated to compare the 
effect of method choice (cores with scoops, large with small cores) and the effect of area sampled 
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(‘tail’ or ‘pool’) on abundance estimates for each taxon.  When significant differences were found, 
mean values were assessed to determine which was higher.  Some data failed the Cochran C-test 
(generally due to more variable estimates made by scoops) and were subsequently log transformed 
(family level: Atyidae, Chiltoniidae, Leptoceridae, Hydrophylidae, Dytiscidae, Planorbidae, 
Bithyniidae; species level: Gyraleus edgbastonensis, Gabbia fontana, Jardinella acuminata, 
Jardinella jesswiseae).  For data that failed the Cochran C-test following transformation (family 
level: Cypridoidae, Chironomidae, Ceratopogonidae, Hydrobiidae; species level: Jardinella 
corrugata), analyses were performed on untransformed data with lowered alpha (p<0.01) due to 
increased probability of type I error caused by heteroscedacity. 
 
 
Results 
This study did not capture representatives of all families or species known to occur at Edgbaston 
according to extensive surveys conducted by the Australian Museum.  Up to 20% of Gastropoda 
species, 40% of Arthropoda and 50% of Annelida families were not encountered in any sample 
(Table 3-2).  Fauna absent from these samples were primarily the smallest (Cydoridae and 
Centropagidae) or largest (Belastomatidae) taxa. 
 
The assemblages of species and their abundance in samples from the same area within a spring 
were generally more similar irrespective of sampling method, though the extent of similarity 
differed across springs (e.g. NE60 strict separation versus NW72 overlapping area)(Figure 3-2).  In 
some cases, samples from ‘pool’ were more similar than ‘tail’ (e.g. NW72 gastropod species), but 
generally samples were equally similar within each area.  In no case did samples cluster according 
to method. 
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Figure 3-2 An nMDS made on Bray Curtis similarity matrix of assemblages of all macro-invertebrates at 
family level (left) and gastropods to species level (right) taken in each spring using two different method 
(circles = scoop, triangles = core) in two different areas of the spring (‘tail’ = white, ‘pool’ = black).   
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Table 3-2 The species of Gastropods and families of other invertebrates found in the springs 
sampled in July 2013 as part of this survey within the Edgbaston portion of the Pelican Creek 
complex.  Those recorded by a Museum survey (Ponder et al. (2010)), those captured in the current 
survey, and the proportion missing from the July 2013 survey that had been recorded previously. 
   
Captured 
by 
museum 
survey 
Captured 
in the 
present 
study 
Proportion 
absent in 
present 
study 
Phylum/Family/Species   
 MOLLUSCA 
 
11 9 0.2 
 
Tateidae   
 
  
Jardinella edgbastonensis (Ponder & Clark, 1990) X X 
 
  
Jardinella corrugata (Ponder & Clark, 1990) X X 
 
  
Jardinella acuminata (Ponder & Clark, 1990) X X 
 
  
Jardinella jesswiseae (Ponder & Clark, 1990) X X 
   Jardinella pallida (Ponder & Clark, 1990) X X  
  
Edgbastonia alanwillsi (Ponder et al. 2008) X ? 
 
 
Bithyniidae   
 
  
Gabbia fontana (Ponder, 2003) X X 
 
 
Lymnaeidae    
  
Bullastra lessoni (Deshayes, 1830) X   
 
Planorbindae   
 
  
Glyptophysa n. sp. (Ponder et al., 2016) X X 
 
  
Gyraulus edgbastonensis (Brown, 2001) X X 
 
  
Ferrissia sp. (Ponder et al., 2010) X X* 
 ARTHROPODA 26 15 0.4 
 
Caenidae X   
 
Coenagrionidae 2 X X 
 
 
Libellulidae 2 X X 
 
 
Tridactylidae X   
 
Hydrophilidae X X 
 
 
Dytiscidae X X 
 
 
Corixidae X X 
 
 
Gelastocoridae X   
 
Belostomatidae X   
 
Naucoridae X   
 
Notonectidae X X 
 
 
Pleidae X   
 
Nepidae X   
 
Ceratopogonidae X X 
 
 
Chironomidae X X 
 
 
Stratiomyidae X X 
 
 
Leptoceridae X X 
 
 
Hydroptilidae X   
 
Arrenuridae X X 
 
 
Hydryphantidae X X 
 
 
Hydrodromidae X   
 
Chiltoniidae X X 
 
 
Atyidae X X 
 
 
Chydoridae X   
 
Cypridoidea 1 X X 
 
 
Centropagidae X   ANNELIDA 
 
4 2 0.5 
 
Naididae X   
 
Tubifinidae X X 
 
 
Hirudinidae X X 
 
 
Erpobdellidae X   PLATYHELMINTHES 1 1 0 
 
Dugesiidae X X 
 
* Empty shells only 
1 Superfamily level 
2 Only identified to order level, family may exist in sample 
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The three springs had similar invertebrate family richness but significantly different gastropod 
species richness (n=20, F=2.76, p=0.07, n=20, F=6.74 p<0.01 respectively)(Figure 3-3).  Method 
did not significantly affect these estimates of richness (n=20, F=0.01, p=0.93, n=10, F=1.62, 
p=0.18 respectively) however both responses differed significantly across areas in a spring-specific 
fashion (macro-invertebrate family richness, area*spring interaction n=10, F=10.91, p=<0.001; 
gastropod species richness, area*spring interaction n=10, F=29.85, p<0.001)(Figure 3-3).  All 
invertebrate families and gastropod species were encountered in 2 – 4 samples, depending on the 
overall diversity of the spring (Figure 3-4).  There was no difference in the average estimate of 
gastropod richness made by small and big cores (n=3, F=2.77, p=0.13)(Figure 3-3 and 3-4), and 
small cores captured all species found in the paired large core in 2 samples, except in deeper areas 
(‘pool’) where they failed to capture the largest species (Glyptophysa n. sp.). 
 
Figure 3-3 Estimates of a) family level richness for all invertebrate families and b) species level richness for 
all gastropod species in three springs at the Edgbaston springs complex.  Two sampling rounds compared 
two areas of the spring (light colours versus dark colours) focussing on cores versus scoops (July) and large 
versus small cores for gastropods in E509 only (November).  Brackets above bars denote method that 
provide estimates that are not significantly different, different letters denote area pairs that are significantly 
different (at p<0.05 determined, all comparisons determined using Tuckey HSD post-hoc test), letters 
marked with ‘ are separate analyses and cannot be compared to unmarked letters (i.e. a ≠ a’). 
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Figure 3-4. Species-area curves showing the number of a) macro-invertebrate families and b) and 
c) gastropod species encountered in cumulative samples taken with each method in each area of the 
spring.   Scoops and large cores are compared in a) and b), small and large cores compared in c). 
 
 
Few differences in abundance estimates made by the two methods were found in either area. Where 
they were found (five out of twenty-six taxa - Atyidae, Leptoceridae, Dytiscidae, Oligochaetes and 
the gastropod species J. pallida) they were not consistent across springs (i.e. if cores captured more 
Oligochaetes in NE60 they did not necessarily do so in E509)(Table 3-3).  Significant differences 
in abundance in different areas were more likely (fourteen out of twenty-six taxa) with the nature of 
the difference being family or species specific (Table 3-4).  For example, the aquatic beetle 
families were more abundant in the ‘tail’ area (Hydrophilidae p=<0.001 and Dytiscidae p=<0.001), 
the crustacean family Atyidae had higher abundance in the  ‘pool’ area of two springs (overall 
p<0.001), and the abundance of all species of gastropod was generally higher in ‘pool’ areas 
(significant differences at overall p<0.05 for all species except J. acuminata), though this pattern 
was not the same across all species in all springs (i.e. G. fontana was more abundant in ‘tail’ of 
NE60, equally abundant across both in E509 and failed to be sampled at all by scoops in 
NW72)(Table 3-4).  Estimates of abundance for three of the smallest species were significantly 
higher in small cores (Gabbia fontana p<0.05, Jardinella acuminata p<0.05, J. pallida p<0.05), but 
only in ‘pool’ (Table 3-5).   
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Table 3-3.  Summary of data analyses showing results of individual pair-wise comparisons of abundance 
estimates by the two methods in each area of each spring.  Comparisons are shown for all families, then all 
gastropod species.  The symbol / denotes that this group was not collected in the sample, = denotes no 
significant difference, > core estimates were significantly higher than scoop estimates and < core estimates 
were significantly lower than scoops (at p<0.05 level)(all comparisons by Tuckey HSD post-hoc test within 
each family or species).  Some groups were only identifiable to order level, marked with (OR). 
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E509 Tail = = = = = = = = = = = = = = = = = = = = = = = = = 
E509 Pool = = = = = = = = = = = = = = = = = = = = = = = > = 
NE60 Tail = = = = = = = = = = = = = = = = = = = / = = = = = 
NE60 Pool = > = = = = = = = = = = = = = = = = = / = = = > = 
NW72 Tail = = = = = = = = = = = = = = = = = = / / = = = = = 
NW72 Pool < = = = = = = = = = = = < = = = = = / / = = = = = 
 
Table 3-4.  Summary of data analyses showing results of individual pair-wise comparisons of abundance 
estimates in the two areas of each spring made by each method.  Comparisons are shown for all families, 
then all gastropod species.  The symbol / denotes that this group was not collected in the sample, = denotes 
no significant difference, > abundance in ‘tail’ was significantly higher than that in ‘pool’, < ‘tail’ abundance 
was significantly lower than in ‘pool’ (at p<0.05 level)(all comparisons by Tuckey HSD post-hoc test within 
each group). Some groups were only identifiable to order level, marked with (OR). 
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E509 Large core = = = = = = = = > = = = = = = < = = < < = = < < = 
E509 Scoop = > = = = = = = = = = = = = = < = < < = = = = = = 
NE60 Large Core = < = = = = = = > = = = = = = = > = = / > = = < > 
NE60 Scoop < = = = = = = = = = = = = = = = > = = / > = = = > 
NW72 Large Core = = = = = = = = = = = = = = = = = < / / = = < < = 
NW72 Scoop < = = = = = = = > > = = = = = = = = / / / = = < < 
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Table 3-5.  Summary of data analyses showing results of individual pair-wise comparisons of abundance 
estimates in the two areas of spring E509 made by small and large cores.  Comparisons are shown for all 
gastropod species.  The symbol / denotes that this group was not collected in the sample, = denotes no 
significant difference, > abundance estimates in large cores were significantly higher than in small cores or 
where ‘tail’ was higher, < where abundance estimates in large cores were significantly lower than in small 
cores or where ‘pool’ was higher (at p<0.05 level)(all comparisons by Tuckey HSD post-hoc test within 
each group). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion	
Whilst sampling method had little effect on estimates of richness, different areas and different 
springs housed dissimilar levels of diversity, and future work will need to possess sufficient spatial 
structuring to recognise this. These results suggest that in this system, rapid surveying of data-poor 
regions and pooling of disparate existing species richness data will not be affected by method 
biases.  However species-specific biases appear when estimating abundance with no one method 
offering a perfect solution.  Attempts to include more sophisticated diversity estimates (i.e. relative 
abundance) or assess the autecology of particular species will require caution in the selection of 
method and sampling design.  Whilst some forms of data deficiency can be remedied quickly, the 
collection and collation of data accurate enough to determine the causes of rarity and the 
environmental conditions that guarantee persistence need to be carefully designed in light of the 
question of interest. 
 
A considerable hindrance to conservation action in GAB springs can be remedied with the 
knowledge that method has little effect on estimates of family or species level richness.  At present, 
exploratory and historical ecology have documented which springs remain (Fensham et al., 2016), 
however the review presented in Chapter 2 represents the most up-to-date consensus of patterns of 
diversity and distribution at a basin-wide scale.  For the majority of species and the majority of 
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E509 Large core = < = = = = = 
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spring complexes there is currently no information concerning the number of springs each species 
occupies, or patterns of diversity and abundance of species within each distinct assemblage 
(Chapter 2).  The present findings demonstrate that, as long as the spatial structuring of regionally 
disparate existing studies is satisfactory, the method used does not bias diversity estimates, 
meaning direct comparison and collation of existing data sets can be conducted with confidence.  
Such efforts pave the way for comparisons of rarity, endemism and extinction which afford 
generality to patterns and predictions that have to date been generally region-specific, and assist in 
prioritizing conservation efforts (as presented in Chapter 2).  
 
These findings also suggest that the collection of baseline data and ongoing monitoring of springs 
that are data deficient can be rapid, which they need be as threatening processes persist to the point 
of causing extinctions (Fairfax et al., 2007; Faulks et al., 2016; Mudd, 2000).  A single spring 
requires no more than 4 samples each in two disparate areas, which can be completed in ~2 hours 
using scoops. By using data from previous studies of the Pelican Creek complex I have calculated 
that, even in this highly diverse and spatially expansive complex, all species of gastropod were 
encountered if 12 springs were sampled (<10% of the total number of springs) (Ponder et al., 
2010).  Using this as a guide, relatively accurate estimates of diversity of a whole complex can be 
made in two field days.  Whole-complex estimates of diversity are needed for ~70% of springs 
complexes.  For example, only one species endemic to GAB springs is currently known within the 
Lake Frome supergroup, however experts doubt this is the full extent of diversity in this region.  
Likewise, ostracods are likely to be a highly diverse component of the suite of species endemic to 
GAB springs, but they had to be excluded from the review in Chapter 2 due to a complete lack of 
data concerning their presence at most complexes, and insufficient taxonomic enquiries into their 
diversity at a basin-wide scale.  Even for species with well-documented distributions, basic 
estimates of abundance, and information on the number of springs occupied in space or how 
populations fluctuate across springs in time is absent.  Such base-line data is vital, as the 
devastation of springs that occurred in the past (Fairfax & Fensham, 2002; Fairfax & Fensham, 
2003) is likely to continue since the majority of springs complexes and species remain unprotected 
and exposed to threatening processes (Chapter 2). The first step to truly conserving the biodiversity 
that thrives in discharge springs is conducting thorough base-line estimates aimed at capturing the 
full diversity of species that exist in each spring complex, and beginning to remedy data 
deficiencies for the majority of those taxa. 
 
Whilst the acquisition of richness data can be rapid, the methods proposed here are not appropriate 
for all research questions or spring contexts.  Any enquiry regarding abundance in this system will 
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need to be carefully designed, as method created considerable biases; e.g. one was more likely to 
find significant differences in abundance of gastropods between areas when using small cores. 
Numerous taxa were not sampled at all - primarily small planktonic forms likely lost due to larger 
than standard mesh size (1mm versus 0.35mm) or large mobile organisms able to escape pre-
capture (better sampled with kick-nets).  Optimal sampling methods have been recommended for 
each taxon encountered here (see Appendix 3-1), but unfortunately no method is appropriate for 
accurately sampling the abundance of all fauna, a problem found elsewhere (Diamond et al. 1996; 
Cantonati et al., 2007;Rosati et al., 2016). Likewise, the methods presented in Appendix 3-1 may 
be optimal for soft-sediment vegetated limnocrenic springs such as those studied here, but may not 
appropriate if sampling springs in rocky contexts (e.g. alpine springs, karst springs).  The selection 
of method needs to be adjusted to the particular research question and context. It is hoped that this 
work can complement the considerable refinement of methods existing for rocky high flowing 
springs (Cantonati et al., 2007) by presenting optimised methods for the common fauna in springs 
characteristic of arid low-land contexts, in Australia fed by the GAB. 
 
The present study focuses on biases associated with the physical collection of data, but it highlights 
the potential problems introduced by temporal bias as well. Half of the families known to occur at 
this study site were overlooked in this survey, many of which were arthropods. Gastropod species 
persist in springs over all seasons (Ponder et al., 2010) with periodic extirpations or colonisations 
facilitated by external agents (e.g. flooding) (Worthington Wilmer et al., 2011), which means the 
potential to miss a species or overestimate their distribution is unlikely if samples are not 
temporally replicated. However, the abundance of some taxa and their use of different areas 
differed between July and November sampling periods, suggesting accurate abundance estimates 
would benefit from seasonal replication.  Sampling the presence and abundance of arthropod taxa 
will also require seasonal replication, as some only occupy the spring at particular life-stages (e.g. 
dragon and damselflies) or may be rare in cooler months. This seasonal variance is influenced by 
the variable nature of the spring environment; despite permanence of flow, springs naturally 
fluctuate in size and flow rate across seasonal and climatic cycles (White & Lewis, 2011) 
sometimes resulting in local extinctions and re-colonisations (Fairfax et al., 2007; Symon, 1984; 
Worthington-Wilmer et al., 2011).  Such idiosyncrasy is an inherent property of most systems 
(Hengeveld, 1987) but particularly springs (Cantonati et al., 2012a). Better understanding of how 
dynamics in the life history of organisms or their habitat in springs affect diversity and abundance 
estimates will allow sampling to be stratified.  
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Some forms of data deficiency can be remedied quickly and with little attention to detail, however 
biases in sampling method and temporal or spatial dynamics are potentially problematic when 
enquiry about abundance need be made.  The particular method employed is contingent on the 
particular question or taxa under inquiry.  In Appendix 3-1, I have presented a suggested sampling 
strategy for each type of taxa encountered here based on my experiences.  The recommendations 
made in this chapter will be used to guide the sampling programs in subsequent chapters.  The data 
presented in this chapter also alludes to the fact that, for many invertebrate species endemic to 
Pelican Creek and particularly the molluscs, species do not occupy all springs and do not occupy 
the areas within springs in a homogenous fashion.  This observation applies to almost every 
species, even those that are closely related (e.g. all species of Jardinella).   
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Chapter 4 – The relationship between environmental characteristics and the patterns of 
occupancy and persistence in six spring snails endemic to Edgbaston 
 
 
Introduction 
Most endangered aquatic organisms endemic to GAB springs are restricted to a single spring 
complex (Chapter 2).  Their geographical distributions are small, but the actual area they occupy is 
smaller still because springs are effectively ‘islands’ of permanent wetland in a ‘sea’ of aridity 
(Habermehl, 1982){Fensham, 2011 #64; Holland, 1981 #277}.  Spring species are then further 
restricted because many occupy only a sub-set of springs within their distribution (Worthington-
Wilmer et al. 2011; Ponder et al 2010). The restricted geographic distribution of springs species 
may be because they have difficulty dispersing between isolated springs, or because only a sub-set 
of springs provide conditions that match the species environmental requirements.  These processes 
are not necessarily mutually exclusive – a species may have poor dispersal capabilities and have 
poor intrinsic potential to occupy sites to which it disperses too because it has strict environmental 
requirements that are not commonly met in the landscape (Ponder & Colgan, 2002).  We cannot 
consider the true extent to which these threatened organisms are spatial restricted without first 
understanding how much wetland area there is within their geographic range, and how much of that 
area they are able to occupy.  
 
Previous studies have shown that many species in GAB springs are unable to easily traverse the 
arid land that separates springs. Dispersal appears to be facilitated by wetland areas that connect 
springs, short-distance connectivity along flow-channels (e.g. creeks, flood plains), and short 
Euclidean distances between springs across which phoresy on other animals is thought to occur.  
For example, patterns of population connectivity measured via shared genetic traits in the spring 
snail Fonscochlea accepta suggest two modes of dispersal at different scales – short distance 
(<300m) active movement between springs with connected wetlands, and long distance phoresy 
measured by Eucildean distances <3km (Worthington-Wilmer et al., 2008).  Dispersal limitation is 
undoubtedly a process that keeps many species restricted to a single complex. If these dispersal 
limits are the main determinant of species distributions, applications of metapopulation theory 
suggest that we should expect diversity to be highest in springs connected via wetland, and in 
springs with larger numbers of neighbours within short Euclidean distances (Tyre et al., 2001).  
These models also suggest that the size of the spring should predict diversity and population 
persistence, because large springs support populations that are less vulnerable to perturbations, with 
the expectation that large springs have higher diversity and longer population persistence (Hanski, 
1991, 1997; Hanski & Gilpin, 1991a). 
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Compared to ephemeral rivers and billabongs, GAB springs within a particular complex appear to 
provide relatively stable and similar environmental conditions.  This has led to the assumption that 
environmental characteristics, apart from their size or isolation, are homogenous across springs 
(Nicol et al., 2015; Tyre et al., 2001). Such assumptions are common in metapopulation 
approaches (Schooley & Branch, 2009), and may apply in systems where a previously contiguous 
and arguably homogenous landscape has been fragmented into patches (e.g. fragmented forest 
landscapes (Hanski, 1981, 1983, 1994, 1997, 2004; Hanski & Gilpin, 1991a; Hanski & Thomas, 
1994).  However, in systems where the conditions vary across patches, the “quality” of a patch can 
be as important as patch geometry and isolation (Dennis & Eales, 1997; Fleishman et al., 2002; 
Mortelliti et al., 2010; Yamanaka et al., 2009).  In the GAB springs system, the hydrogeology and 
topography of each spring is likely to result in heterogeneous conditions across springs.  
Environmental variables of significance to the ecology of springs species may vary at both large 
(i.e. a between spring scale, such as the lithology of local aquifers affecting water chemistry of a 
whole spring, depth or age of a spring) and small scales (i.e. different parts of a spring that differ in 
depth and flow regime) (reviewed by Cantonati et al. (2012a).  In studies of springs outside of 
Australia, environmental conditions other than size or connectivity have been shown to influence 
the diversity of species that occupy springs (Cantonati et al., 2012b; Cantonati & Spitale, 2009; 
Fleishman et al., 2006; Fleishman et al., 2002; Glazier, 1991; Rosati et al., 2014; Spitale et al., 
2012).  
 
The interaction between groundwater and geological context creates different water chemistry 
environments within springs (Cantonati & Spitale, 2009).  The particular stratigraphy that underlies 
each spring, or accumulated salts in the sediments a spring emerges from, can strongly affect the 
ionic composition of the water that fills them (Cantonati et al., 2012a; Shand et al., 2013; Shand et 
al., 2016). Different ionic concentrations in water directly influence the physiology, survival and 
reproduction of aquatic organisms (Glazier, 1991; Kefford et al., 2007; Zalizniak et al., 2006, 
2009). This suggests that the pH and conductivity of a spring at its source has the potential to 
influence the species that are found within the spring, as well as their population persistence.  
Microhabitat diversity within springs, particularly depth and flow regimes, have also been shown to 
influence spring assemblages (Cantonati et al., 2012a; Kodric-Brown & Brown, 1993). Spring 
pools with strong connections to groundwater are greatly influenced by the aquifer and are more 
likely to maintain more stable conditions, whereas shallow areas and springs that lack pools are 
more likely to be under greatly influence of the terrestrial conditions, and therefore be more 
variable (Cantonati et al., 2012a; Zullini et al., 2011). Pool size or depth, conductivity, and pH are 
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therefore likely to be influential in springs ecology, but they are not considered as environmental 
covariates in most metapopulation models applied to GAB springs.  In these models, it is assumed 
that environmental variance, both spatial and temporal, is captured by the size of the spring (Nicol 
et al., 2015; Tyre et al., 2001).  
 
In this chapter, I assessed patterns of environmental heterogeneity within the Edgbaston Reserve 
portion of the Pelican Creek springs complex, and how these related to patterns of occupancy and 
persistence in six species of gastropod endemic to the area.  The chapter had three specific aims to 
address:  1) patterns of occupancy of six species of snail endemic to the Pelican Creek complex 
(Glyptophysa sp., Gyraulus edgbastonensis, Jardinella acuminata, J. jesswiseae, J. edgbastonensis 
and Gabbia fontana) and how they have changed since previous surveys in 2006-2008, 2) whether 
springs in this complex are environmentally homogenous, and if not, how they differ from one 
another, and 3) the ways in which each snail species responds to any environmental heterogeneity, 
and potential similarities and differences across species. 
 
 
Methods 
Site Description 
The Pelican Creek springs complex is located in central Queensland, Australia (Figure 4-1).  The 
northern portion of the complex is enclosed within the Edgbaston conservation reserve, managed 
by Bush Heritage Australia.  The springs of the Pelican Creek complex are spread across a north to 
south axis, with the northern springs at the base of a rocky escarpment (spring code begins with 
‘N’, latitude -22.725 to -22.721), the central springs mostly within a large clay pan and scald 
(spring code begins with ‘E’, latitude -22.725 to -22.74) and the southern springs within, or in 
proximity of, a large ephemeral Lake Mueller (which drains into the nearby Aramac creek) (spring 
code begins with ‘S’, latitude -22.74 to -22.76).  These springs all have shallow open water pools 
of a limnocrenic morphology (Springer & Stevens, 2008).  The complex, as a whole, comprises 
~145 springs, with 113 of those within the reserve.  Eighty-five of those springs within the reserve 
were sampled during this study.  All 37 springs sampled in extensive surveys conducted in 2006 
and 2008 by Ponder et al. (2010) were included, as well as an additional 48 springs spread 
throughout the complex that were accessible in 2015.  We ensured we sampled the same springs as 
the previous surveys of Ponder et al. (2010) by matching the site names to those included in the 
current springs database (held by the Queensland Herbarium as part of the Lake Eyre Basin springs 
assessment (LEBSA) (DSITIA, 2015).  
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Study species 
There are nine species of snail endemic to the Pelican Creek complex: Gyraulus (Gy.) 
edgbastonensis (Brown, 2001), an undescribed species of Glyptophysa sp. considered to be 
endemic to the Pelican Creek springs complex (Ponder et al., 2016) (both Planorbidae), Gabbia 
(Ga.) fontana (Bithyniidae), Jardinella acuminata, J. corrugata, J. edgbastonensis, J. jesswiseae, 
J. pallida and Edgbastonia alanwillsi (Tateidae).  All nine species were collected as part of the 
surveys of Ponder et al. (2010) and were included in the re-survey conducted here.  Six of the nine 
species were included in further analyses of environmental limits.  These were chosen to ensure 
that representatives from each family were included (Glyptophysa sp., Gyraulus edgbastonensis 
(Planorbidae) and Gabbia fontana (Bithyniidae)), and where there were multiple species within the 
family (Tateidae), that species with different patterns of distribution were represented (J. 
edgbastonensis, J. acuminata and J. jesswiseae were analysed in more detail).  
 
Environmental variables 
Four broad types of environmental covariates were selected: spring size, pool characteristics, water 
chemistry and connectivity.  Spring size was measured using two methods.  Quickbird images of 
the Pelican Creek complex from 2013 were manually mapped to estimate wetland area. All spring 
vent locations were marked onto the image using GIS, and ImageJ software was used to trace the 
edge of the darkened vegetated area around each vent.   This measurement is referred to as 
‘Vegetated area’.  On-site estimates of the amount of the wetted area of a spring were also made.  
When each spring was visited for sampling, the length of the spring at its longest axis and the width 
at its widest axis were measured using a transect tape.  The spring was considered to extend into 
any area where there as moist sediment.  These measures were used to construct an estimate of 
wetted area by calculating the area as a rhombus, which was called ‘Wetted area’.  Pool area was 
estimated using the same methods as the on-site estimates of wetted area, but the greatest length 
and width of the area where water surrounding the spring vent was >5mm deep (i.e. there was some 
standing water, not only wetted sediment) was measured.  Spring pool maximum depth was 
measured by taking 10 replicate depth measurements across the spring, including at least one from 
the area that appeared to be the spring vent (i.e. signs of water bubbling, vent associated vegetation 
such as Sporobolus pamelae).  Only the maximum was used for analysis. 
 
The water chemistry of springs was taken from the long-term data set of the pH and conductivity of 
the water at the vent of each spring at Edgbaston held by the Queensland Herbarium (in the 
LEBSA database, (DSITIA, 2015)).  As the pH and conductivity of the spring vent can fluctuate 
considerably through seasons (see Chapter 5) and through years, this analysis used the average pH 
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and conductivity of water measured at the spring vent on at least three separate occasions since 
2014.  Measures of pH and conductivity were not available for 56 springs out of the 85, and only a 
sub-set of the full dataset could therefore be analysed in regard to these variables. 
 
Measures of spring connectivity were made using a number of methods.  Unfortunately, accurate 
information regarding channels, water paths and elevation on Edgbaston was not available, so 
accurate measures of potential connections between springs based on water movement were not 
possible.  Therefore most measures are based on the Euclidean distance between springs.  A matrix 
of the Euclidean distance between all springs was constructed using the GPS locations of each 
spring vent.  This was used to calculate the average distance to all springs and to the nearest five 
neighbours. Two additional measures of connectivity were included.  For each spring, the number 
of other spring vents that were connected to the focal spring via continuous wetland was counted.  
Spring wetland outflows and associated wetland areas can be highly transient (Chapter 5) (White & 
Lewis, 2011) and past connections may be overlooked in this single year of sampling, so the 
number of spring vents within 300m was also included.  
 
Snail survey method 
It must be acknowledged that no sampling regime can be sure it has captured all species at a site. 
This applied to the sampling conducted here, and that of the previous survey by Ponder et al. 
(2010).  We believe that both studies have sampled to their best abilities, as the evidence presented 
in Chapter 2 suggests that 5 scoops in two environmentally disparate areas sample as many species 
as can be found.  However it must be acknowledged that an assumption is being made that no 
species were overlooked in a sampling bout, and therefore that changes are the result of naturally 
occurring extirpations or colonisations. 
 
All springs were located onsite using a handheld Garmin GPS pre-loaded with the locations for all 
springs on the Edgbaston property ascertained from the LEBSA database (DSITIA, 2015).  All 
sampling was conducted in a 4-day period in April 2015.  Sampling for endemic snails followed 
the methods recommended by Rossini et al. (2015).  Five replicate 10cm by 10cm scoops of 
vegetation and sediment were taken in five different locations in the shallow outflow of each 
spring, and five in the deep pool area of each spring.  If a spring was small (<9m2) and/or had no 
deep pool area, only five samples were taken.  Scoops were taken using a modified aquarium net 
fitted with a 1mm mesh.  Each sample was emptied onto a sorting tray filled with a few millimetres 
of water from the spring of origin, and left for 2 minutes for sediment to settle and animals to begin 
moving.  Each tray was searched for 2 minutes and as many snails as possible were collected into a 
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separate dish.  These samples were then checked at the end of each field day under a dissection 
microscope and identified to species level.  A sample of ten individuals of each species in each 
spring were collected and stored in 100% ethanol, and kept as a voucher collection.  These samples 
are currently in the care of the Walter lab, University of Queensland St Lucia as ongoing molecular 
work emerging from this thesis is being conducted.  When complete, they will be lodged at the 
Queensland museum. 
 
Data analysis 
Most species occupy few springs (<10), many springs contained no snails but were of considerable 
interest to the analysis, environmental variables were strongly correlated, and extensive time series 
are unavailable so options for statistical analysis were limited (Cunningham & Lindenmayer, 
2005). Conventional binomial modelling was trialled but the low number of sites occupied 
rendered this style of analysis of little use.  Occupancy models were not possible due to the limited 
number of time points.  Therefore, a descriptive approach that used visualisation on bi-plots and 
ordination was chosen, and all hypotheses oriented around the dissimilarity between springs, and 
between the types of springs occupied by each species.   
 
Most of the analyses conducted here are identical to those recommended for use within the ‘vegan’ 
package for community ecology (Oksanen et al., 2007) following the recommendations in Borcard 
et al. (2011) and Legendre & Legendre (2012).  However the conventional logic recommended 
within the ‘vegan’ package was inverted.  Instead of creating ordinations based on the 
‘communities’ of species and their relative abundances, and assessing their relationship with 
environmental predictors, I based the ordination on the dissimilarity in environmental variables 
across springs (i.e. sites). I then projected the occupancy of each species onto this, and assessed the 
dissimilarity across species in environmental conditions within springs they occupied and persisted 
within, using the centroids of occupied springs in ordination space.  The key drivers of dissimilarity 
between springs was analysed using the ‘envdist’ function within the ‘vegan’ package.  All 
centroids were calculated using the ‘ordispider’ function and standard error ellipses calculated and 
fitted using the ‘ordielipse’ function, both within the ‘vegan’ package (Oksanen et al., 2007) 
executed in R Studio.  In making comparisons therefore, I considered how patterns of occupancy in 
each species was related to each environmental variable using bi-plots, but also how they occupied 
“environmental ordination space” by looking to where the “average” (i.e. the centroid and its 
standard error) of occupied sites lays, and the proportional amount of that “ordination space” 
occupied (i.e. a species that occupies lots of springs with dissimilar environmental characteristics 
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occupies a larger portion of “environmental ordination space” than a species that occupies only 
those springs with particular and similar environmental characteristics). 
 
Tests of whether springs with different snail diversity had different environmental conditions were 
the only parametric test conducted.  The full occupancy matrix for the 2015 sampling set was used 
to give each spring a diversity category based on snail species richness: 0, 1, 2, 3-4 and >4 species 
present.  High diversity bins were combined as very few springs had 3 or more species.  Random 
springs were removed from each of these four diversity bins until all bins had an equal sample size 
of twelve.  For each of the ten environmental variables measured, an ANOVA was used to assess 
whether there was a difference in the mean value of each metric across the diversity bins (i.e. are 
springs with >4 species significantly larger than all others).  Individual pair-wise differences were 
assessed using a Tukey HSD post hoc test.  Whether the data for each metric met the assumptions 
of ANOVA was tested using the Cochrans C test (‘C.test’ function within the ‘GAD’ package 
(Sandrini-Neto & Camargo, 2014)) and the Shapiro-Wilks test (‘shapiro.test’ function within the 
‘nortest’ package (Gross, 2015)) and, if needed, data were transformed using log transformation. 
 
 
Results 
Patterns of occupancy & changes since 2006-2008  
In the 2015 survey, only 70% of springs sampled within the Edgbaston Reserve section of the 
Pelican Creek complex were occupied, and occupied springs were spread across that entire part of 
the complex (Figure 4-1).  No species was found in all of the occupied springs (Figure 4-1), with 
most of them in <20% of springs (Gy. edgbastonensis, Glyptophysa sp., J. acuminata and Ga. 
fontana) (Figure 4-1).  Jardinella jesswiseae and J. edgbastonensis occupied the most springs (42 
and 50% respectively) (Figure 4-1).   
 
In the sub-set of 37 springs included in the survey of Ponder et al. (2010), all species experienced 
extirpations and colonisations.  Gabbia fontana occupied considerably more springs in 2015 (Table 
4-2), having colonised six springs it was not found in previously.  Five from the north-west 
(NW20, NW70, NW72, NW80 & NW10) and one from the centre (E524). However, it did 
experience one extirpation (NW90).  Gyraulus edgbastonensis occupied the same number of 
springs in 2015 but they are not the same springs.  It experienced two extirpations in the far north 
and south (SE10 and NE10), and two colonisations in the centre of the complex (E515 and E524).  
Three springs occupied by Glyptophysa sp. remained occupied in 2015, an extirpation occurred in 
SW65 and two new springs were colonised (NE60 and E509).  Jardinella acuminata occupied 
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more springs in 2015 and colonised six springs from across the complex (NW90, SE10, SW60, 
NW72, E515 and E508) but suffered extirpations in SE20 and NE30.  Most springs occupied by J. 
jesswiseae in 2006/2008 were also occupied in 2015, with five colonisations in the north-west 
(NW50, NW20), south-west (SW40) and centre of the complex (E518, E515).  Jardinella 
edgbastonensis suffered four extirpations (NE10, E502, SE20, NW60) and colonised seven springs, 
primarily in the north (NE20, NE30, NE60, NW72) and centre of the complex (E503, E518) (with 
one in the south, SW60). 
 
Table 4-1.  The results of the Ponder et al (2010) survey of 2006-2008 and the results of the current survey 
showing the number of springs occupied by each species, and the number of springs that have stayed the 
same, seen an extirpation or colonisation since the Ponder et al. (2010) survey. 
 
 Ponder 2006-2008 Rossini 2015 Same Extirpation Colonisation 
Gabbia fontana 7 12 6 1 6 
Gyraulus edgbastonensis 10 10 8 2 2 
Glyptophysa sp. 4 5 3 1 2 
Jardinella acuminata 7 11 5 2 6 
Jardinella jesswiseae 25 28 23 2 5 
Jardinella edgbastonensis 28 31 24 4 7 
 
Figure 4-1.  All springs in the Edgbaston portion of the Pelican Creek springs complex, showing springs as 
circles on a satellite image of the landscape.  Springs are colour coded based on the number of species found 
in each spring in the 2015 sampling period and which species occupied each spring at that time (black = 
occupied, white = absent) for each species of snail endemic to the complex.  Also included are the results of 
the 2006-2008 survey of Ponder et al. (2010).  Springs that were never found to contain snails are indicated, 
in white, on the map. 
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Patterns of environmental heterogeneity 
The springs of Edgbaston are a range of sizes (<1m2 to 10,000m2) (Figure 4-2), and vary 
substantially in their pool characteristics (no pool to pools over 100m2 and 40cm deep), pool 
conductivity (500µS/cm to 2132µS/cm) and pH (6.75 to 9.62) (Figure 4-3).  Springs of all sizes are 
found across the complex, though springs >1000m2 are not present in the central region (Figure 4-
3).  Estimates of vegetated area taken from Quickbird images and the on-ground estimate of wetted 
area differ because the area of wetted sediment often extends past the extent of the vegetated area, 
and estimates of vegetated area from Quickbird images for springs <100m2 were impossible (and 
are thus 0m2 when they are, in fact, vegetated) (Figure 4-3).  The best, but by no means accurate, 
predictor of the relationship between these measures was a power relationship (wetted 
area=0.65x1.26, r2=0.61).   
 
Close to a third of springs (27.3%) lack a pool (Figure 4-2 and 3), and most pools are small (mean 
pool size (Q1, Q3) = 334m2 (6, 460)).  Springs with large pools (>2000m2) (Figure 4-2, centre) are 
primarily found in the north of the complex (Figure 4-3).  Large pools are not necessarily deeper 
(R2=0.08), nor are they only found in springs with large vegetated area (both cases r2<0.5).  
Overall, spring pools at Edgbaston are shallow (all are <80cm maximum depth), and the deeper 
springs (>10cm) are found throughout the complex (Figure 4-3).  There is a latitudinal conductivity 
gradient, with springs in the far south having lower conductivity than those in the north (possibly 
due to the influence of the large ephemeral Lake Mueller in the south-east of the property, see 
Figure 4-3), but the same cannot be said for pH (Figure 4-3). 
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Figure 4-2.  Examples of the variability in GAB discharge springs across the Edgbaston portion of the Pelican Creek springs complex, showing springs of three 
different sizes from the three different areas within the complex. 
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Figure 4-3.  All springs sampled at Edgbaston mapped according to six environmental variables in three 
broad categories: size (left) as vegetated area (m2, top) and wetted area (m2, bottom), pool (centre) as pool 
area (m2, top) and maximum pool depth (mm, bottom) and water chemistry (right) as pH (top) and 
conductivity (µS/cm, bottom). 
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In ordinations of the similarities of springs based on their environmental characteristics, the springs 
do not form clusters based on their geographic position within the complex, but are spread across a 
continuum.  There are springs from each region spread throughout ordination space (Figure 4-4).  
The centroid of springs from the north and the south are closer and thus are similar, and have 
overlapping standard errors, but the centroid for springs from the centre is distant from these 
suggesting, on average, springs from the central scald are dissimilar to those from the north and 
south.  This is due to the vast majority of springs in the centre of the complex being small and 
shallow, however there are springs from the centre that have large pool areas, large vegetated areas 
and greater depths, just as there are in the north and south.  The environmental variables that 
significantly affect the spread of springs across ordination space are vegetated area and the wetted 
area (both p=0.001), pool size and maximum depth (both p<0.05) and average distance to the 
closest five springs (p=0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-4.  nMDS of a distance matrix calculated from the environmental characteristics of all springs at 
Edgbaston, colour coded for the latitudinal area of the complex they are within (black = north (latitude -
22.71 to -22.725), dark grey = central (latitude -22.726 to -22.74) and light grey = south (latitude -22.75 to -
22.76).  Overlayed are the centroids (label position) and their standard errors (coloured ellipses).  In blue, 
the significant environmental drivers of the spread of points in ordination space are displayed and are 
labelled by codes as follows, VEG= vegetated area (m2), TOP5= average distance (m) to the five closest 
springs, P_AREA= pool area (m2),  GE= wetted area (m2), DEPTH= maximum depth (mm). 
 
 
Relationship between occupancy and spring characteristics 
Each snail species occupied springs characterised by different environmental variables (Figure 4-5 
and 4-6).  Within the Planorbidae, both Gy. edgbastonensis and Glyptophysa sp. were found only in 
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the largest and deepest springs, though they differ in that Glyptophysa sp. was found on both 
sampling occasions in the largest, deepest springs with the largest pools (Figure 4-5a and b).  
Despite these common requirements, they differ from one another in that Gy. edgbastonensis was 
found in springs with pools >1m2 with maximum depth >2cm and Glyptophysa sp. was found in 
springs with pools ~100m2 or larger and depth of 10cm or deeper (Figure 4-5a and b).  Both species 
were absent from all springs with average distance to the nearest five neighbours >300m (Figure 4-
5a and b). The only species of bithyniid, Ga. fontana, occupied similar springs to those inhabited 
by Gy. edgbastonensis (Figure 4-5c) with the key differences being that springs occupied by Ga. 
fontana are generally larger than 100m2 wetted area.  
 
The three species of Tateidae are similar to one another in that they all occupy springs across the 
gradient of isolation (i.e. with few or many springs within 300m and with average distances to the 
nearest neighbour >300m) (Figure 4-6).  However, they differed considerably in the size and pool 
characteristics of springs they occupied.  Jardinella acuminata was only found in the largest 
(ground estimated area >100m2) springs with the largest and deepest pools (>1m2 pool area, >5cm 
maximum pool depth) (Figure 4-6a).  Jardinella jesswiseae was found in smaller springs (10 – 
100m2 ground estimated area) with shallower pools (>2cm maximum depth) (Figure 4-6b).  
Jardinella edgbastonensis was the only species of all six focal species to occupy the smallest 
(<10m2) springs with little (<1m2) or no standing pool of water or with very shallow pools (<1cm 
maximum depth) (Figure 4-6c).  Jardinella jesswiseae and J. edgbastonensis were the only species 
found on both sampling occasions in springs with the greatest distance to all other springs or to the 
nearest five (Figure 4-6b and c). 
 
In the subset of 37 springs for which there is time replication, Glyptophysa sp. suffered extirpations 
in the smallest spring with one of the smallest shallowest pools, and the locations of colonisations 
were all in springs with the lowest distance to neighbours (Figure 4-5a).  In Gy. edgbastonensis, the 
two extirpations were from two very large isolated springs and all colonisations were in springs 
with the lowest distance to neighbours (Figure 4-5b).  For Ga. fontana the single extirpation was 
from a very large spring with a large pool of average depth (Figure 4-5c).  Jardinella acuminata 
was found in both times in springs that are larger with larger, deeper pools and moderate distances 
to neighbours, though there are no obvious relationships between sites they have colonised or 
extirpated from since the last survey (Figure 4-6a).  There are no obvious patterns for J. jesswiseae 
and J. edgbastonensis (Figure 4-6b and c). 
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These patterns combine to mean that each snail species occupies different areas of ordination space 
when projected onto the environmental dissimilarity across springs (Figure 4-7).  Springs occupied 
by Glyptophysa sp. and J. acuminata are limited in ordination space – in both species, all springs 
occupied on both occasions are similar, and cluster together on the far right, meaning they have the 
largest vegetated areas and largest and deepest pools. These springs have centroids whose standard 
errors do not overlap with those of any other species (Figure 4-7a and d respectively).  Gyraulus 
edgbastonensis and Ga. fontana occupy springs with similar characteristics (i.e. the centroids and 
errors for these two species completely overlap, Figure 4-7b and c respectively). Jardinella 
jesswiseae and J. edgbastonensis also occupy springs with similar environmental characteristics 
(their centroids and errors overlap with each other), however unlike J. jesswiseae, J. 
edgbastonensis occupies springs that are dissimilar to most species, thus the centroid and error for 
this species overlaps with no other species apart from J. jesswiseae (Figure 4-7e and f). 
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Figure 4-5.  Bi-plots of the four types of environmental variables considered here: spring size (left, vegetated area and wetted area), pool characteristics (centre-left, 
pool area and maximum pool depth), pool water chemistry (centre-right, pH and conductivity) and isolation by Euclidean distance (right, average distance to closest 
5 springs and to all springs).  Overlaid on these bi-plots is the presence and absence (black and white) of each of the six focal species and, for springs where samples 
are available, whether that spring is a site where the species has been recorded on both occasions (blue) or neither occasion (grey), or has been a site of a 
colonisation (green) or extirpation (red).  Grey and blue lines represent the maximum and minimum value for all springs ever occupied (grey) and those occupied on 
both sampling occasions (blue). 
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Figure 4-6.  Bi-plots of the four types of environmental variables considered here: spring size (left, vegetated area and wetted area), pool characteristics (centre-left, 
pool area and maximum pool depth), pool water chemistry (centre-right, pH and conductivity) and isolation by Euclidean distance (right, average distance to closest 
5 springs and to all springs).  Overlaid on these bi-plots is the presence and absence (black and white) of each of the six focal species and, for springs where samples 
are available, whether that spring is a site where the species has been recorded on both occasions (blue) or neither occasion (grey), or has been a site of a 
colonisation (green) or extirpation (red).  Grey and blue lines represent the maximum and minimum value for all springs ever occupied (grey) and those occupied on 
both sampling occasions (blue). 
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Figure 4-7.  nMDS ordinations for each of the six focal species showing all springs sampled at Edgbaston 
based on the dissimilarities in their environmental characteristics colour coded for whether the species was 
present or absent in the 2015 survey (black or white) and for springs where samples are available, whether 
that spring is a site where the species has been recorded on both occasions (blue) or neither occasion (grey), 
or has been a site of a colonisation (green) or extirpation (red).  Ellipses represent the standard error of the 
centroid of either all springs ever occupied (grey) or all springs occupied on both sampling occasions (blue). 
 
 
Relationship between diversity and spring characteristics 
Each diversity category (see methods) was found in springs within a particular region of the 
ordination space (Figure 4-8).  Springs unoccupied by any species are completely dissimilar to 
those that are occupied by more than six species (Figure 4-8), with no springs in this “high” 
diversity category being found within the 90% confidence interval encapsulating all springs with 
no snails.  Unoccupied springs are significantly smaller, shallower and have fewer springs 
connected by wetland (Table 4-2).  High diversity springs are also dissimilar to those that support 
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only J. jesswiseae and J. edgbastonensis, or springs with at least one species that occupies fewer 
than 15 springs (i.e. the centroids of these treatments do not overlap with the confidence interval of 
springs that house no endemic snails), but some springs occupied by common species are 
environmentally similar to unoccupied springs (they occur within the standard error centroid for 
unoccupied springs).  High diversity springs, and particularly those that contain at least 3 species 
that occupy few springs, are significantly larger and deeper than all other springs and have a higher 
number of springs within 300m connected by wetland (Table 4-2). 
 
 
 
Figure 4-8.  nMDS ordination showing all springs sampled at Edgbaston based on the dissimilarity in their 
environmental characteristics colour coded by three categories of species diversity: no species (white), 
species richness ≤2 composed of only widespread species (yellow), species richness between 3 – 6 
composed of widespread species and at least one species that occupies few springs (orange) and species 
richness >6 comprising at least 3 species that occupy few springs (red).  Ellipses for each of the diversity 
category represent the standard error of the centroid and for springs with no species (white) represents the 
95% confidence interval. 
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Table 4-2.  The relationship between species richness and patch characteristics for Edgbaston.  Average value and standard error for springs within each species 
richness category are shown for each complex alongside results of individual ANOVA (n=12 in five categories of species richness) for each factor.  No significant 
overall effect are denoted with “ns”, where a significant overall effect was found the p-value is presented as are the conclusion of Tukey HSD post hoc tests used to 
investigate individual pair-wise differences.  Factors unable to be analysed due to low replication are marked with ‘NA’, averages and errors are displayed where 
replication was available. 
 
  
 
    
 
  
WETTED 
AREA  
(m2) 
TOTAL  
POOL AREA 
(m2) 
MAXIMUM 
POOL DEPTH 
(mm) PH 
COND. 
(µS/cm) 
AVERAGE 
DISTANCE 
TO ALL 
SPRINGS (m) 
AVERAGE 
DISTANCE 
TO CLOSEST 
5 SPRINGS 
(m) 
# OF 
SPRINGS 
WITHIN 
300M 
# SPRINGS 
CONNECTED 
BY WETLAND 
 
# SP Avg (±SE) Avg (±SE) Avg (±SE) Avg (±SE) Avg (±SE) Avg (±SE) Avg (±SE) Avg (±SE) Avg (±SE) 
0 16 (±4) 1 (±0) 1.4 (±0.8) 8.1 NA 875 NA 63 (±10) 190 (±53) 14.3 (±2.6) 0.1 (±0.1) 
1 382 (±221) 151 (±88) 7.1 (±2.1) 8.6 NA 802 NA 111 (±32) 212 (±60) 9.9 (±2.2) 0.2 (±0.1) 
2 446 (±172) 122 (±61) 8.8 (±2.3) 8.2 (±0.1) 1022 (±173) 124 (±45) 203 (±46) 7.5 (±2.0) 0.3 (±0.1) 
3 - 4 1340 (±494) 573 (±319) 13.4 (±2.7) 8.2 (±0.1) 857 (±29) 150 (±49) 227 (±42) 7.7 (±2.2) 1.0 (±0.4) 
>4 2426 (±929) 184 (±122) 13.8 (±3.0) 8.7 (±0.2) 775 (±59) 77 (±12) 152 (±22) 12.1 (±2.8) 0.8 (±0.3) 
  p=<0.05 ns p=<0.05 NA NA ns ns ns p=<0.05 
 
 
>4 IS LARGER 
THAN 0, 1 & 2 ns 
3-4 & >4 
DEEPER THAN 
0 
NA NA ns ns ns 3-4 MORE THAN 0,1 
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Discussion 
Predictors in conventional metapopulation models (spring size and isolation) are related to patterns 
of occupancy and persistence in this system, but it is not valid to assume that environmental 
conditions within these springs are homogenous or independent of species associations.  All species 
studied here occupied a different number of springs, and those that occupy the fewest springs had 
the strictest environmental associations.  The maximum depth of the pool of a spring was strongly 
related to patterns of occupancy and population persistence.  This is particularly true for species 
that occupied few springs.  Water chemistry measured as pH and conductivity were not related to 
the pattern of occupancy or population persistence of any species, despite the fact there is a strong 
conductivity gradient across the Edgbaston portion of the Pelican Creek springs complex. 
 
The assumption that species respond to environmental conditions in springs in the same fashion 
(i.e. size matters in the same way for all of them), that dispersal difficulties are equally applicable 
across all species, or that differences in the distance species are able to disperse are the only 
processes affecting their distributions are all questionable in light of the data presented here.  The 
isolation of springs does appear to influence patterns of occupancy and persistence by snail species 
of the Pelican Creek springs.  Springs containing all species are those with an average distance to 
near neighbours <300m and springs with high diversity are connected via wetland to a significantly 
higher number of other springs.  However, the gastropod species assessed here differ from one 
another in the environmental limits regarding springs they occupy (Table 4-3).  Some appear 
restricted to the largest and deepest springs (e.g. Glyptophysa sp., J. acuminata, for an example see 
Figure 4-2) whilst others occupy small springs that are no more than wetted sediment (e.g. J. 
edgbastonensis, for an example see Figure 4-2).  The species that occupy the fewest springs are the 
most environmentally particular, but they also appear to be more likely to persist or colonise 
springs with near neighbours – for example Glyptophysa sp. and Gy. edgbastonensis were 
restricted to springs with big pools, but were also found on both sampled occasions in those with 
the nearest five springs within ~300m.  This suggests that narrow environmental requirements 
interact with their dispersal limitations, but the nature of this interaction is species specific.  For 
example, all species of Jardinella considered here have colonised, or have been found in, some of 
the most isolated springs (i.e. those with an average distance to the closest 5 springs >500m), 
despite the fact that one of them (J. acuminata) has environmental limits equally strict as 
Glyptophysa sp. or Gy. edgbastonensis.  The species endemic to GAB springs occupy few springs 
within their geographic distribution. This is not only a product of their inability to disperse easily 
between springs, but of their species-specific environmental requirements and limitations. 
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The geographic distributions of species endemic to discharge springs fed by the GAB are generally 
small (Chapter 2).  Within that already limited distribution, the number and types of springs each 
species occupies is further limited by environmental constraints.  For example, these species are 
only found in springs within the ~30km2 area within the Pelican Creek complex (Chapter 2). 
However, the amount of spring fed wetland habitat within that represents approximately 9ha.  The 
amount of occupied spring wetland is smaller still, as no species occupied every spring, thus the 
actual amount of wetland area occupied by each species is only 2.8 - 6.9ha (Table 4-3).  Some 
species occupied many types of springs and the distance between springs appears not to affect 
them, meaning they occupy much larger areas of wetland (e.g. J. edgbastonensis and J. jesswiseae 
in Table 4-3) and most springs within their distribution could be occupied.  However, the majority 
of species at this complex occupied <20% of the springs within their geographic distribution and 
these findings suggest only a subset of springs onsite suit their requirements - large springs with 
deep pools with a high number of neighbouring springs within 300m connected via wetland.  
Springs that match these requirements are infrequent within the complex.  For example, only 10% 
of springs included in this study have pools >10m2 deeper than 10cm and have more than 1 
neighbouring spring within 300m connected by wetland.  There is also evidence to suggest the 
amount of wetland occupied by these endemic snails is further restricted for some species. For 
example, in the high gastropod diversity spring E509 species richness was twice as high in the pool 
area versus the tail, and Glyptophysa sp. and Gy. edgbastonensis were both found in significantly 
higher abundance in the pool area (Chapter 3).  This emphasises that environmental heterogeneity 
across springs limits the habitable spring wetland within the already limited distribution of these 
species. 
 
 
Table 4-3.  Summary of the number of springs on the Edgbaston Reserve section (~85 springs) of the 
Pelican Creek springs complex (~150 springs) occupied by each of the six focal species of gastropod 
endemic to the region, and the minimum measurements of spring size (represented as the total area of wetted 
sediment), pool size and maximum depth characteristics of the springs occupied by each species, and an 
estimate of the total wetland area of springs occupied by each species (where total wetland area is calculated 
from the wetted area estimate). 
 
 # springs occupied 
Spring 
size 
(m2) 
Pool 
size 
(m2) 
Pool 
depth 
(cm) 
Total wetland 
area of occupied 
springs 
(m2) (ha) 
Glyptophysa sp. 5 >1000 >10 >10 27,500 2.8 
Gy. edgbastonensis 10 >100 >5 >5 31,625 3.2 
J. acuminata 11 >1000 >5 >5 40,275 4.0 
J. jesswiseae 25 >10 >0 >1 69,245 6.9 
J. edgbastonensis 31 >1 ≥0 0 51,789 5.2 
Ga. fontana 12 >100 >5 >5 29,115 2.9 
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These findings have implications for our perception of conservation risks in springs systems.  
Measures of the number of complexes occupied by a species are only one way to assess the 
restricted nature of their distribution.  For species for which environmental limits and dispersal 
limits compound to mean few springs within their distribution are occupied, the assumption that the 
extent of the complex is the extent of their distribution is a severe overestimate.  For these species, 
processes that compromise the few springs that match their environmental requirements represent 
considerable threats. For example, disturbance caused by introduced ungulates can be extensive 
(Figure 4-9), and for species that occupy few springs, such disturbances represent the degradation 
of 43% of the occupied wetland area of some species (e.g. Glyptophysa sp.).  This degradation 
occurs despite the fact that 100% of these springs are within a conservation reserve.  Such severe 
losses of habitat can have dire consequences.  For example, the Red-finned Blue-eye (S. 
vermeillipinnis, a fish endemic to Pelican Creek), like the pool-restricted species of snail assessed 
here, only persists in the pool areas of large deep springs (Kerezsy & Fensham, 2013).  The amount 
of pool area where this species can persist has been severely reduced due to the invasion of the 
Western Mosquito fish (Gambusia holbrooki), which persists in some springs at very high densities 
and appears to outcompete or predate upon the endemic. This has led to a significant decline in the 
already limited number of springs it can persist within (Nicol et al., 2015), resulting in severe 
population declines, extirpation from all but one of the springs it originally occupied (Fairfax et al., 
2007) and a cataclysmic loss of genetic diversity (Faulks et al., 2016). The Mosquito fish also 
consumes gastropods (Unmack, unpub. data), thus the incursion of this invasive species is also 
likely to represent a considerable threat to invertebrates, particularly those that are restricted to 
spring pools.  Such pertinent threats re-enforce that invertebrates endemic to this system are by no 
means less threatened that the plants or vertebrates. 
 
 
	
	
	
	
Figure	4-9.		Habitat	degredation	caused	by	pigs	on	the	Edgbaston	springs	in	two	large	diverse	springs	that	represent	almost	half	of	the	occupied	wetland	area	of	Glyptophysa	sp.			Such	damage	has	been	observed	on	multiple	occassions	at	an	almost	annual	frequency.		 
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Spring snails endemic to the Pelican Creek complex occupy only a sub-set of springs within their 
geographic distribution.  Species that occupy few sites are restricted to springs that are large, and in 
particular, have large deep pools.  These species that occupy few sites also appear restricted to a 
sub-set of the available wetland area within each spring.  For example, significant differences in the 
abundance and diversity of spring snails were found across pool and tail areas of the three sampled 
springs (Figure 3-3) (Chapter 3).  However, each species has its own particular limits; some species 
are limited to the few springs with deep pools whilst others are found in all types of springs include 
those that are little more than a patch of wet substrate.  In combination, these two observations 
suggest that deep pools may be providing different conditions to shallow tail areas, and species 
with restricted distributions are able to persist only in these deep areas whilst broadly distributed 
species are found across both types of area. 
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Chapter 5 – Spatiotemporal variance of environmental conditions affects the distribution and 
abundance of six snail species endemic to the Pelican Creek springs 
 
Introduction 
Groundwater dependent ecosystems such as springs are distinctive freshwater environments of high 
ecological value (Cantonati et al., 2012a).  Yet they are under considerable threat through physical 
modification (Unmack & Minckley, 2008) and water depletion (Boulton, 2005; Famiglietti, 2014).  
In arid areas, springs provide permanent habitat for aquatic flora and fauna in a landscape defined 
by water impermanence (Box et al., 2008; Fensham et al., 2011; Myers & Resh, 1999; Shepard, 
1993).  They are often home to high proportions of rare and endemic organisms (Unmack & 
Minckley 2008; Benke et al. 2011; Fensham et al. 2011; Hershler et al. 2014) that have very small 
geographic distributions (<50km2), many endemic to a single spring complex (Ponder &Colgan, 
2002; Fensham et al. 2011; Cantonati et al. 2012a; Hershler et al. 2014).  Most of these endemics 
are invertebrates that are at elevated risk of extinction, as habitat loss impinges on their already 
restricted spatial distributions, and data deficiency combines with a low priority afforded to their 
conservation to hinder threat mitigation (Bland et al., 2012; Brown et al., 2008; Cardoso et al., 
2011; Lydeard et al., 2004). 
 
Understanding why species endemic to spring systems have restricted distributions and what 
factors are important for maintaining their persistence is vital for their conservation.  For aquatic 
organisms in arid zone springs, the inhospitable area that separates each spring wetland limits their 
dispersal (Worthington-Wilmer & Wilcox 2007; Worthington-Wilmer et al., 2008; Murphy et al., 
2010).  However, restricted distributions may also result from the interaction between the 
environmental requirements and tolerances of each species and how often these are met in space 
and time (Ponder & Colgan, 2002).   Despite the common assumption that springs are stable (see 
Cantonati et al. (2016)) or environmentally homogenous (Tyre et al., 2001), they are habitats 
characterised by considerable spatiotemporal variability (Cantonati et al., 2012a).  Variation within 
and across springs in a range of spring systems is known to dictate the distributions of the species 
that inhabit them (Cantonati et al., 2012a; Cantonati et al., 2012b; Cantonati et al., 2016; 
Fleishman et al., 2006; Sabatino et al., 2003; Smith et al. 2003; Spitale et al,. 2012; Weissinger et 
al., 2012; Zullini et al., 2011).  This environmental variance is often spatially structured, consisting 
of pool areas close to the vent where environmental variance is low because of the stabilising 
influence of groundwater input, and tail or outflow areas where variance is high through a greater 
influence of terrestrial conditions (Cantonati et al., 2012a).  Species sensitive to environmental 
	 91	
variance are thus restricted to pools whilst tolerant species are able to occupy the ephemeral and 
variable shallow areas such as spring edges and outflows (Cantonati et al., 2012a).  
 
In arid and semi-arid Australia there is a vast network of springs fed by the Great Artesian Basin 
(GAB) (Habermehl 1982).  Of all the species endemic to GAB springs, the gastropods are a diverse 
component, and all species have small geographic distributions (Fensham et al., 2011). Most 
species are members of the family Tateidae (previously within the Hydrobiidae), a group that has 
diversified in springs in Australia and elsewhere (Ponder et al., 1989; Ponder et al., 2008; Ponder 
& Clark, 1990).  There are also species of Bithyniidae (Ponder, 2003) and Planorbidae (Brown, 
2001), though species endemic to GAB springs from these families are less numerous than the 
tateiids and are found in fewer regions of the GAB.  Of all GAB spring localities, the Pelican Creek 
springs complex in the central northeast is of particular note because it supports high endemic 
gastropod diversity and representatives from all three families live in sympatry at this location 
(Chapter 2; Ponder et al., 2010; Ponder & Clark, 1990).  This allows us to assess how 
environmental variance may limit the distribution of species endemic to springs, and how limits 
may differ across taxa with different evolutionary histories.   
 
Studies of GAB springs often make reference to distinct areas within springs, or that species are 
limited to particular areas within springs.  However, empirical quantifications of environmental 
variance and its effect on species endemic to the system are rare.  In the few cases where 
environmental heterogeneity has been quantified, species are often limited to areas with particular 
types of conditions, and few species respond in the same fashion (e.g. fishes - Fairfax et al. 2007; 
Kodric-Brown and Brown 1993, gastropods - Ponder et al. 1989; Colgan and Ponder 2000 and 
plants - Fensham et al. 2004).  Despite their common groundwater source, GAB springs can be 
environmentally heterogeneous within a single spring complex (Chapter 4).  At the Pelican Creek 
complex, springs that contain large areas of deep pool appear particularly important because most 
species occupy <20% of springs and are found in large springs with deep pools only (Jardinella 
acuminata, Glyptophysa sp., Gyraulus edgbastonensis and Gabbia fontana).  However for two 
species that occupy a higher number of springs (~50%), pools appear less important as they are 
found within springs that are shallow or have no standing pool of water (J. jesswiseae and J. 
edgbastonensis) (Table 4-3).  Therefore, if springs at the Pelican Creek complex are structured so 
that the environmental conditions within deep pools differ from shallow tails, species restricted to 
deep springs may have narrow environmental limits that mean they can persist in high abundance 
only in pool areas, whilst species that occupy a wider variety of springs may have broader 
environmental limits and occupy both pool and tail areas. 
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This study aimed to evaluate how environmental conditions (water permanence, pH, conductivity, 
depth and temperature) vary within and across the Pelican Creek springs, and how this related to 
the distribution and abundance of six species from three different families of snail endemic to the 
complex.  In this chapter, I test whether pool areas provided significantly different environmental 
conditions to tail areas, and whether species restricted to large deep springs (J. acuminata, 
Glyptophysa sp., Gy. edgbastonensis and Ga. fontana) had narrower environmental limits and 
higher abundance in pool areas, compared to those that occupy a wide range of springs (J. 
jesswiseae and J. edgbastonensis) that would have broader environmental limits and be found in 
equal abundance across both pool and tail areas.  
 
 
Methods 
Study system 
The Pelican Creek springs complex is situated in central Queensland, Australia, and is part of the 
Barcaldine supergroup of springs, one of thirteen spring supergroups fed by the GAB (for more 
detail see Habermehl (1982)).  The complex comprises ~150 springs, and the present study is 
restricted to the northern portion of the complex, located on a conservation reserve managed by 
Bush Heritage Australia (Edgbaston Reserve).  Springs in this region generally form flat, 
limnocrenic wetlands with relatively low but permanent flow rates within a semi-arid context 
characterised by clay pans that flood periodically, spinifex dunes and groundwater associated tea-
tree forests (Melaleuca bracteata). Edgbaston has a semi-arid climate with summer rain 
(~50mm/month) falling between December and February when it is hot (average maximum ~36°C 
and minimum ~20°C), and cool winters (average maximum ~25°C and minimum ~8°C) with low 
rainfall (<~10mm/month) (Australian Bureau of Meteorology).  Six springs were chosen to 
represent a range of sizes and landscape positions within the complex (Figure 5-1).  Three within a 
clay pan scald in the centre of the spring complex (one large (E509), one medium (E24) and one 
small (NEWNOV)).  Two more springs from the southern part of the complex within a travertine 
heavy tea-tree (M. bracteata) swamp (one medium (SW60), one small (SW66)).  The last was a 
relatively isolated medium sized spring in the north of the complex in a context composed of a mix 
of rocky gibber, clay and sandy spinifex dunes (NW72) (see Table 5-1 in Results for coordinates). 
 
The gastropod species endemic to Pelican Creek and occurring at Edgbaston are from three 
families (Ponder et al., 2010).  The family Tateidae is the most diverse, with six species endemic to 
the Pelican Creek complex found at Edgbaston (Chapter 2).  Three of these are included in this 
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study (J. jesswiseae, J. acuminata and J. edgbastonensis), the other species are numerically rare 
(Edgbastonia alanwillsi (Ponder et al., 2008; Ponder et al., 2010), J. pallida (Ponder & Clark, 
1990) or have similar distributions to other species in the study (J. corrugata (Ponder & Clark, 
1990) is very similar to J. edgbastonensis, (Rossini pers. obs.)) so were excluded.  Two species of 
Planorbidae (Gy. edgbastonensis and the undescribed Glyptophysa sp.) (Brown, 2001), and one 
species of Bithyniidae (Ga. fontana) (Ponder, 2003) are endemic to the complex and are found on 
the Edgbaston Reserve, all of these were included in this study.   
 
 
Environmental heterogeneity 
Sampling was structured in three ways.  To first assess the potential for significant spatiotemporal 
environmental variance, three outwardly dissimilar areas within the largest spring (E509) were 
sampled across a single day at the beginning of the study in May 2014.  Unfortunately it was 
logistically impossible to conduct this detailed 24h sampling in all springs in all seasons.  Second, 
the same three areas in E509 were monitored throughout the seasons at the end of the hot wet 
summer (May 22nd to 29th 2014, referred to as Autumn), the middle of the cool dry winter (July 30th 
to August 6th, referred to as Winter), the beginning of the hot summer before the rains arrive 
(November 8th to 15th 2014, referred to as Spring) and the middle of the wet summer season 
(January 28th to February 7th 2015, referred to as Summer).  Thirdly, depth profile mapping and 
sampling of the dissimilarities across the two most distinct areas (pools >20mm deep and tails 
<10mm deep) were assessed in all six springs across seasons.  Flooding on the Edgbaston Reserve 
limited the activities we could conduct in the Summer sampling season (mapping of all springs and 
environmental monitoring of E509 only).   
 
The largest spring (E509) was sampled at four times within a single day in mid-May (pre-sunrise 
between 0440-0600h, late morning between 1000-1200h, late afternoon between 1400-1600h and 
evening between 2100-2400h) and in all seasons (described above).  The three outwardly dissimilar 
areas were the deepest pool area (water depth >20mm), the shallow pool areas before the tail (water 
depth between 11 and 20mm) and the very shallow outflowing tail area (water depth <10mm at 
0800 after which it evaporates, see Results).  For both temporal scales, temperature was recorded 
using a single Thermochron ibutton data logger in each area (Maxim Integrated Products, Inc., San 
Jose, USA) set to record temperature every 10mins for within 24h sampling, and every hour for the 
entire sampling period (May 2014 to February 2015).  In sampling across the year, some 
measurements are not available because the occasional logger was dislodged by animals and failed. 
Water pH and conductivity within each area was recorded in three replicate quadrats in each of the 
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three depth categories for both the 24h and across season temporal scales (i.e. not continuous but in 
discrete time points) (specifics of how these measurements were made are described below).  In 
sampling across seasons, the location of the deep pool and mid-spring samples remained fixed 
whilst the shallow tail sampling location was shifted so that samples were always taken within 
wetted areas.   
 
A detailed map of spring size and depth profile was made for each spring in each season. As the 
shallow areas of springs dried considerably during the day (see Results) mapping only occurred 
between 1600h and 1800h to ensure springs were consistently mapped at their minimum.  Depth 
profile maps were constructed by measuring the average depth at each intercept of a 2 x 2m grid, 
laid across the entire spring wetted area using transect tapes fixed in the same location at every 
sampling session.  At each intercept, three replicate depth measures were taken within 50cm radius 
of the intercept point and averaged to give the depth at that point.  The spring vent location was 
also marked and was an approximation of where water emerged from the basin (made from 
observations of water bubbling in this area).  Depth data were converted into hand-drawn contour 
maps by hand.  As 24h sampling within E509 suggested that the three chosen depth categories had 
different patterns of environmental variance, maps are displayed using these depth bands (tail 
<10mm, shallow pool 11-20mm and deep pool >20mm).  The number of intercept points that were 
wet in each spring (including intercepts that were moist but had no standing water, because 
overnight these areas would have been 10mm deep, see Results) was used to estimate the total area 
of the spring and the percentage of tail and pool area.  Unfortunately measurements of flow to 
accompany data concerning the shifts in spring size could not be made because the shallow, flat 
limnocrenic morphology of these springs means there is no strong directional output to be 
measured.   
 
Sampling was always conducted between 0800-1000h because, following this period, water depth 
and water chemistry change rapidly (see Results).  Samples were collected using haphazardly 
distributed replicate 50 x 50cm quadrats placed in any location where sediment was moist.  The 
number of quadrats per spring was allocated depending on the size of the spring determined using 
the depth profile map, with no fewer than 6 and no more than 30 quadrats in any one spring at each 
time.  The location of each quadrat was marked on the depth profile map for later use in mapping 
snail abundance.  The comparison of pool and tail areas considers only a sub-set of these quadrats 
(only those >20mm or <10mm deep), however environmental variables were monitored in all 
quadrats for use in assessments of the environmental limits of the snail species (see below). 
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The depth of water in each quadrat was calculated as the average from three replicate depth 
measurements.  Conductivity and pH were measured using a TPS Aqua field meter (Elexon 
Electronics Pty Ltd, Brendale, Australia) using a 30mL water sample taken with a syringe from 
standing water in the quadrat.  The temperature of water (or wetted sediment in quadrats that dried 
diurnally) was measured for 24h using a single Thermochron ibutton placed on the sediment of 
each quadrat set to record every 10min for 24 hours from 0800h. An additional ibutton was placed 
at the vent.  As the primary difference between areas was the amplitude of temperature variance 
(see Results), temperature data were included as the raw maximum and minimum and a differential 
between the quadrat and vent temperature (calculated as the sum of the difference between quadrat 
maxima and vent maxima, and the quadrat minima and vent minima).  The permanence of water in 
each quadrat was represented within a 24h period by applying the number of hours without 
standing water measured in Autumn in E509 post hoc to each quadrat based on the average depth 
of the quadrat at 1000h (an assumption regarding equal amounts of evaporation across seasons is 
made).  Seasonal water permanence was included as the number of seasons a quadrat location 
remained inundated with spring water, calculated by overlaying the depth profile maps and 
determining the number of seasons the position of the quadrat remained within the wetted area of 
the spring.   
 
The environmental conditions within pool (any area >20mm deep) and tail areas (any area <10mm 
deep) were compared using two methods – an ordination based approach and multifactor ANOVA.  
As environmental factors appeared to co-vary depending on depth, but springs differed in their 
prevailing conditions (see Results), ordination was first used to assess whether pool (quadrats 
>20mm deep) and tail (quadrats <10mm deep) areas across all springs were dissimilar to each 
other.  A data matrix was constructed using the pH, conductivity, maximum and minimum 
temperature, temperature differential, number of hours inundated daily and number of seasons 
inundated for every quadrat sampled.  These data were standardized using ‘decostand’ in the 
‘vegan’ package (Oksanen et al. 2015) then a distance matrix was constructed using Euclidean 
distance in the ‘vegdist’ function and displayed as an nMDS using the ‘metaMDS’ function, again 
in ‘vegan’ (executed in R studio, procedures following the recommendations of Borcard et al., 
2011).  The ordination results are displayed for all quadrats in the analysis (labelled ‘ALL’) using 
the categories of pool and tail areas, then broken down to just the quadrats for each spring within 
each sampling season.  Centroids and standard error ellipses for each category were calculated 
using the ‘ordispider’ and ‘ordiellipse’ function in ‘vegan’.  Differences across areas, springs and 
seasons for each variable were compared using a multifactor ANOVA.  Factors were set as spring 
(E509, E524, NW72, SW60 and SW66, with NEWNOV excluded as it held no snail species 
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whatsoever), season (Autumn, Winter or Spring) and area (pool or tail).  The full dataset was 
converted into a balanced data matrix by using three randomly selected quadrats for each area by 
spring by season combination.  Assumptions of ANOVA were tested using the Cochran C test 
(within the ‘GAD’ package of R) with no transformations needed.  
 
Distribution and abundance of endemic snails 
Snail abundance and diversity were sampled within all quadrats where environmental variables 
were measured, this gave paired environment and snail abundance data for every quadrat in every 
spring and season.  Snails were sampled using the methods recommended by (Rossini et al., 2015).  
All species except Glyptophysa sp. were sampled using three replicate cores that were extracted 
from random locations within the quadrat using a cut-off 60mL syringe (surface area 9cm2, total 
area sampled 27cm2) that was inserted into the sediment and associated vegetation to 2cm depth.  
As Glyptophysa sp. are not accurately sampled using these small cores (Rossini et al., 2015), three 
replicate quantitative scoops were also taken from each quadrat from which estimates of the 
number of Glyptophysa sp. were made. Scoops were collected by scraping an aquarium net (10 x 
5cm, 1mm mesh size) along the sediment in three different locations (total sample area 300cm2).  
The sample for each quadrat was immediately preserved individually in 80% ethanol, and 
identification and quantification of snails was completed within one year of sample collection using 
a dissecting microscope.  The number of individuals of each species was counted, with eggs and 
empty shells excluded from counts.  
 
Three comparisons were made.  In the first, we tested whether the abundance and percentage of 
occupied quadrats for each species differed across pool and tail areas for each species using 
Walsh’s t-tests.  For each species, unoccupied springs were removed from the dataset, which was 
then converted into a balanced design with equal numbers of pool and tail quadrats (n=80) 
randomly selected from data from all seasons.  For comparisons of percentage of occupied 
quadrats, the full dataset for each occupied spring for each species across all seasons was used to 
calculate the number of occupied quadrats in each area (pool or tail) divided by the total number of 
quadrats in the area.  These percentages were then compared to expected values that were the total 
number of occupied quadrats split equally across the pool and tail areas using Chi-squared tests.   
 
In the second, we tested whether the abundance of each species differed across springs using a 
multi-factor ANOVA.  Again, unoccupied springs were removed from the dataset for each species, 
which was then converted into a balanced design with factors spring (fixed, each of the five 
springs), season (fixed, the three sample seasons) and area (fixed, pool or tail) (Glyptophysa sp. 
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n=10, Gy. edgbastonensis n=3, J. acuminata n=8, J. jesswiseae n=10, J. edgbastonensis n=10, Ga. 
fontana n=13).  Assumptions of ANOVA were tested using Cochran’s C-test and heteroscedasticity 
rectified using log transformation.  Individual pair-wise differences were assessed using Tukey 
HSD post-hoc tests.  All of these analyses were performed in R Studio.  Total population sizes for 
each species were calculated using the average number of individuals per m2 ascertained from this 
analysis. The number presented is an average of the estimates of Winter (when springs were 
largest) and Spring (when springs were smallest) population size.  Three species were virtually 
absent from tail areas (see Results), thus total population estimates for these species (Glyptophysa 
sp., Gy. edgbastonensis and J. acuminata) are the average abundance in the pool area multiplied by 
the total pool area of the spring.  All other species are the average abundance across both areas 
multiplied by the total area of the spring.    
 
The third comparison concerned the dissimilarities in the environmental limits of species.  These 
were first calculated, then assessed using ordination.  For each species and environmental variable 
of interest, the average of four randomly chosen quadrats that fell within the 95th percentile of 
abundance, and the 25th and 75th percentiles of quadrats that were occupied were calculated to 
represent abundance.  To represent frequency of occurrence, each variable was broken into bins (all 
variables have 6 bins except depth which has 4 at a log scale) and the proportion of all quadrats 
within the bin occupied by each species was calculated.  This gave, for each species, twenty-five 
metrics that summarised the species’ environmental limits and thus a 6 by 25 data matrix for the 
comparison.  This data was standardized and used to construct a dissimilarity matrix based on the 
Euclidean distance (standardized using ‘decostand’, matrix constructed using ‘vegdist’, both within 
the ‘vegan’ package) and species were ordinated using nMDS with the ‘metaMDS’ function (all 
executed in R studio following the recommendations of Borchard et al., 2001 using the ‘vegan’ 
package by Oksanen et al. 2015). 
 
 
 
Results 
Spatiotemporal environmental variance across three outwardly dissimilar areas in a large spring  
Within the largest spring (E509) in a single season (Autumn) there were diurnal changes in depth 
and water chemistry recorded across the three areas (tail, shallow pool and deep pool) (Figure 5-1).  
Water depth measured before sunrise did not remain the same throughout the day.  The shallow 
pool area experienced some form of reduction in depth, but surface water never dried completely, 
whilst the tail area was devoid of standing water for about 6 hours in the middle of the day (Figure 
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5-1a).  These drying areas experienced much higher temperature variance across the day, whilst the 
deep pool area remained relatively constant (Figure 5-1b).  These changes occurred simultaneously 
with changes in water chemistry.  The deep pool area stayed relatively constant, whilst the tail area 
experienced increased pH and conductivity levels following midday that remained elevated for 
about 6 hours (e.g. pH ~10, conductivity ~2500µS/cm) (Figure 5-1c and d).  Therefore the deep 
pool and tail areas have completely different patterns of environmental variance, whilst shallow 
pools have features of both (water chemistry fluctuates somewhat but water is permanent). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-1. Daily changes during the Autumn sampling season in 
average a) water depth, b) temperature (°C), c) pH, and d) 
conductivity in a large spring (E509) from the Edgbaston portion of 
the Pelican Creek springs complex in different areas of the spring 
(namely deep pools near the spring vent (black line, black triangle), 
shallow pools (dark grey line, dark grey triangle) and outflowing tail 
areas (light grey line, open circles).  Temperature is presented as the 
line only as measurements were taken every 10min for the full 24h 
period.   
 
 
These patterns across different depths within 24h persisted as differences across seasons (Figure 5-
2).  The deep pool area remained in the same location at a relatively similar size throughout all 
seasons, whilst the shallow pool and tail areas expanded in the Winter and contracted in the Spring 
and Summer (Figure 5-2a).  Whilst the average across all areas shifted through the seasons, tail 
areas experienced higher temperature variance that aligned with fluctuations in the ambient air 
temperature, whilst the deep pool area never reached the same extremes (Figure 5-2b).  The tail 
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area always had higher pH and conductivity and experienced more extreme seasonal fluctuations in 
conductivity, whilst the pH within the deep pool area dropped significantly between Spring and 
Summer (a time when rainfall was highest) (Figure 5-2c and d).  The differences across depths 
were less dramatic in Winter, when ambient temperatures were lower and evaporation was 
presumably low, and in Summer, when there was high rainfall at the site.  
Figure 5-2. Annual spatiotemporal changes in water depth, temperature and water chemistry in a large 
spring (E509) at the Pelican Creek springs complex measured within the Edgbaston Reserve. a) Depth 
profile map with the location of the vent (white fill circle) and direction of water flow (white arrow). b) 
Temperature of water in the spring in three areas overlayed with the ambient maximum (red) and minimum 
(blue) temperature (scale on the left) and daily rainfall (navy bars, scale on right) at nearby Barcaldine. c) 
Average pH and d) average conductivity (both with standard error) in each area displayed for the times at 
which sampling occurred (therefore the line is an interpolation and does not represent collected data). 
Comparisons of pool and tail areas across seasons in multiple springs  
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The six springs sampled differed from one another in environmental conditions (Table 5-1).  Larger 
springs had larger pools in Winter and Spring (the seasons when spring size varied most, y = 0.07x 
+ 2.52, R² = 0.79 and y = 0.23x - 1.41, R² = 0.86, respectively) but did not necessarily have deeper 
pools (R² = 0.02).  After E509, the largest springs were NW72 and E524 (wetted area of 176-428 
m2 and 86-232 m2, respectively), both of which had relatively small areas of deep pool (average of 
9.5 and 1.5% of the total spring area, respectively, compared to 13% for E509).  At the smaller 
extreme, SW66 and NEWNOV had a total wetted areas <120m2 and were composed of only tail 
and shallow pool areas (Table 5-1, Figure 5-3 and 5-4).  Whilst active throughout this study, a new 
active vent emerged at the location of NEWNOV and the area mapped here has been dry since July 
2015.  SW60 was small (total wetland area of 72-86 m2) but had very little tail area, ~40% of the 
total area of this spring was deeper than 30mm.  It experienced very little inter-seasonal variation in 
its size, except for in Winter when the pool overflowed temporarily into a small depression 
adjoining the spring (Table 5-1, Figure 5-3 and 5-4).  
Figure 5-3. Photographs in each season of three of the springs on the Edgbaston Reserve (Pelican Creek 
complex) representing the range in sizes sampled as part of this study (E509, E524 and SW66) and 
examples of pool (>20mm deep) and tail (<10mm deep) areas in each.  Where the spring was large enough 
(E509 and E524) photographs of the whole spring are presented from an angle oriented from the pool to the 
tail (labelled ‘Pool’) and oriented from the tail toward the pool (labelled ‘Tail’) (for SW66 the Autumn 
image is oriented from the tail, all others from the pool toward the tail).  Not all photos are in exactly the 
same position but all efforts were made to keep recognisable landmarks in each photograph. 
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Table 5-1.  Summary of the features and environmental conditions in six springs sampled in the Edgbaston Reserve portion of the Pelican Creek 
springs complex, showing the location, size (m2) and % composition of pool (>20mm) and tail (<10mm) areas in the seasons with the greatest 
differences, maximum depth, and the range in pH and conductivity in the pool and tail areas of each spring, ‘na’ indicates the depth category was not 
available in that particular spring. 
 
   
Total spring area (m2) 
Max 
depth 
Percentage of 
pool area  
(m2) 
Percentage of 
tail area (m2) 
Pool 
pH 
Pool conductivity 
(µS/cm) 
Tail 
pH 
Tail conductivity 
(µS/cm) 
  Latitude Longitude Aut Win Spr Sum (mm) Win Spr Win Spr (min - max) (min - max) (min - max) (min - max) 
E509 -22.7316 145.4309 962 1330 493 536 103 9 17 53 50 7.90 - 8.46  735 - 965 8.94 - 9.41 1339 - 2282 
NW72 -22.7184 145.4266 288 428 159 176 54 6 13 52 57 8.00 - 8.50 900 - 1500 8.00 - 9.00 1200 - 2500 
E524 -22.7324 145.4281 232 226 103 86 135 1 2 57 58 8.20 - 8.60  600 - 800  9.00 - 9.50 1000 - 1200 
SW60 -22.7526 145.4266 76 82 62 76 180 37 35 2 10  7.70 - 8.30 500 - 800 na na 
SW66 -22.7540 145.4259 117 117 78 33 15 na na 62 64 na na 8.00 - 8.70 500 - 700 
NEWNOV -22.7361 145.4308 45 48 18 8 46 na na 54 67 na na 7.70 - 9.50 1000 - 1100 
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Figure 5-4.  Depth profile maps with different depth categories displayed as shades of grey (light grey 
<10mm, mid-grey 11-20mm and black >20mm) in May, August and November for the six springs used in 
this study: a) E509, b) NW72, c) E524, d) SW60, e) SW66 and f) NEWNOV.	
 
Measures taken from pool areas (>20mm depth) were dissimilar to those from tail areas (<10mm 
depth), with little overlap in their representative points, or in the standard deviation around the 
centroid of each category (Figure 5-5).  Tail quadrats were generally dissimilar within the group 
(points are more spread in ordination space), whilst pool quadrats were more similar to one 
another.  This overall pattern is seen again in each spring.  In all springs that have pool and tail 
areas (E509, NW72, E524), tail points were dissimilar to pool points.  The standard deviation of the 
centroids for each season generally overlap for pool and tail areas, except for in E509 where tail 
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areas are dissimilar in each season, and in Spring are very similar to pool areas.  In E509 in Spring, 
the only tail area remaining was a small section in close proximity to the pool and vent (within 
~30m of the vent) (Figure 5-1a).  In springs that have only one type of area (just pool in SW60, just 
tail in NNOV and SW66) the quadrats for pool or tail are similar to the corresponding area in other 
springs (i.e. SW60 pool quadrats are more similar to pool quadrats from E509 than tail quadrats).  
An exception to this generalisation can be seen in SW66, where some tail quadrats are highly 
similar to pool quadrats.  Despite the fact that this spring is primarily tail area, it is very small so 
these shallow sections are very close to the vent (~10m, Figure 5-4). 
Figure 5-5.  nMDS ordinations showing the dissimilarities of quadrats taken within springs in relation to 
spring tail areas <10mm deep (circles) and spring pool areas >20mm deep (black triangles).  In each plot the 
centroid of all points in the pool or tail category is displayed (and labelled P for pool and T for tail in the top 
figure displaying all quadrats) and overlaid with the standard deviation of its estimate (grey = tail, black = 
pool).  The top is composed of all quadrats from all springs (ALL), below that each spring (E509, E524, 
NW72, NNOV, SW60 and SW66) is displayed using the same dissimilarity matrix.  In plots for each 
individual spring the areas are denoted by symbols and standard deviations of the centroid, but centroids are 
calculated for pool and tail areas in each season (labelled T for tail, P for pool then A for Autumn (May), W 
for Winter (August) and S for Spring (November)). 
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Most environmental factors were significantly different across pool and tail areas (Table 5-2).  Pool 
areas have lower pH (p<0.001) and conductivity (p<0.001), have a lower temperature differential 
(though this difference is not statistically significant), are never dry within a day (tails dry for ~5h) 
(p<0.001), and persist through all seasons on average (p<0.001).  For comparisons across springs, 
the maximum and minimum pH and conductivity across all seasons differ across springs (p<0.05).  
In direct comparisons of each area in each spring, no pool areas are significantly different across 
springs, however tail areas from E524 and E509 have significantly higher conductivity and pH than 
all other springs (both at p<0.05 level).   
 
Table 5-2.  The mean (± SE) values for environmental variables measured in all quadrats from 
pool (depth >20mm) and tail (depth <10mm) areas across all springs. Variables with different 
letters as a superscript of the values are significantly different to one another at the p<0.05 level, 
tested using Walsh’s t-test.  
 
 Tail Pool 
pH 8.87 ± 0.09A 8.26 ± 0.06B 
Conductivity (µS/cm) 1381 ± 128A 957 ± 37B 
Temperature differential (°C) 3.98 ± 0.5A 2.88 ± 0.5A 
# hours dry per day 5.25 ± 0.4A 0B 
# seasons persisting 2.34 ± 0.15A 2.97 ± 0.03B 
 
 
 
Patterns of distribution and abundance of endemic snails 
 
The different species occupied different numbers of springs (Figure 5-6).  E509 was the only spring 
in which all study species were found.  Most other springs had between one and four species with 
J. edgbastonensis the only one found in SW66, and no species of snail ever being found in 
NEWNOV.  Within the springs they occupied, Gy. edgbastonensis, Glyptophysa sp. and J. 
acuminata were primarily found in the deepest parts of springs in all seasons (Figure 5-6a, b and c).  
Jardinella jesswiseae had highest abundance in deep areas but was found in shallow areas at spring 
edges and in the tail in Autumn (Figure 5-6d).  Gabbia fontana was found throughout the sampled 
spring it occupied, and quadrats with high abundance occurred in all areas (Figure 5-6f).  
Jardinella edgbastonensis was the only species that had low abundance in the deepest parts of 
springs and generally had highest abundance in the tail area (Figure 5-6e).  Areas of high 
abundance for all species that occupied the tail and shallow pool waxed and waned as this part of 
each spring expanded and retracted across the seasons. 
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Figure 5-6. Abundance of six species of snail overlaid on depth profile maps of three sampled springs at the Pelican Creek springs complex (within 
the Edgbaston Reserve).  E509 (left panel), E524 (centre panel) and SW66 (right panel).  Depth of the spring is denoted by shade: light grey <10mm, 
mid grey 11-20mm and black >20mm).  Bubble size and colour correspond to relative abundance within each spring (see key), with the largest bubbles 
representing the highest densities and the smallest representing quadrats where the species was absent.  Note that the scale of each spring is not equal – 
E509 is twice the size of E524 and SW66
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All species had significantly different abundance and proportions of quadrats occupied across pool 
and tail areas (Table 4).  Glyptophysa sp., Gy. edgbastonensis and J. acuminata all occupied few 
tail quadrats and, in those in which they did occur, were in low abundance.  Jardinella jesswiseae 
and Ga. fontana were found in tail quadrats in relatively high abundance but the percentage of 
occupied quadrats and the abundance of both species was significantly higher in pool areas.  
Jardinella edgbastonensis was the only species with significantly higher percentage of occupied 
quadrats and abundance in tail areas. 
 
Table 5-3.  Summary of mean (± SE) abundance per m2 and percentage of quadrats occupied by 
each species of snail sampled within the Edgbaston Reserve endemic to the Pelican Creek complex.  
Differences across pool and tail areas were tested within each species by means of two-tailed 
Walsh’s t t-test for abundance and Chi-squared against an expected of equal occupancy in each 
area for the percentage of quadrats occupied, the results of which are presented as differences at the 
p<0.05 as different superscript capital letters.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The abundance of Glyptophysa sp. fluctuated considerably across the three sampling seasons with 
average abundance in Spring being about four times higher than Autumn (p<0.05) (Table 5-4).  As 
it is restricted to only deep pool areas and is found in relatively low abundance compared to all 
other species, it has one of the lowest estimated population sizes.  There was no significant 
difference in abundance across springs or seasons for Gy. edgbastonensis, with the average 
fluctuating around 1500 individuals per m2.  Total estimated populations differ because of the large 
differences in pool size across springs – the small pool at E524 means the population at this spring 
is estimated to be one-fifth of that in E509, whereas the high abundance and large pool at SW60 
means the population estimate there is largest (Table 5-4).  Jardinella acuminata generally had 
lower abundance in SW60 when seasons are pooled (p<0.05), and appeared to have lower 
abundance in Autumn than all other seasons, however no individual pair-wise differences regarding 
spring or season was significant.  This species had an average abundance of around 1000 
individuals per m2, and total population estimates for each spring were similar (Table 5-4).  The 
abundance of J. jesswiseae is similar through seasons but there was an overall significant 
 Tail Pool 
   
Glyptophysa sp. 0 ± 0A 
0A 
141 ± 27B 
21B 
  y. edgba tonensis 11  15A 
4  
1672  69B 
4  
J. acuminata 46 ± 55A 
4A 
1419 ± 378B 
30B 
J. jesswiseae 878 ± 543A 
28A 
5991 ± 878A 
64B 
J. edgbastonensis 6417 ± 2722A 
69A 
1097 ± 406B 
39B 
Ga. fontana 347 ± 207A 
11A 
2442 ± 480B 
40B 
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difference across springs (p<0.05), however no individual pair-wise comparisons between springs 
were significant.  This species has an average abundance around 4000 individuals per m2 and some 
of the highest total population estimates (Table 5-4).  The abundance of J. edgbastonensis in SW66 
was significantly higher than any of the other springs (p<0.01), a difference driven primarily by the 
significantly higher abundance in this spring in the Spring season (p<0.05).  Therefore, population 
estimates vary across springs, but the high density in SW66 means this population is large even 
though this spring is one of the smallest (Table 5-4). 
 
 
Table 5-4.  Average abundance per m2 (± SE) of all six snail species endemic to the Pelican Creek 
springs complex in each of the six springs studied within the Edgbaston Reserve, together with an 
estimate of each species’ average population size in each spring. ‘na’ denotes a species x spring 
combination for which an estimate is not available. 
 
Spring Species Autumn Winter Spring 
Estimated 
average 
population 
size 
E509 Glyptophysa sp. 40 ± 10 97 ± 32 166 ± 40 12,770 
 Gy. edgbastonensis 1,604 ± 1,432 864 ± 538 1,356 ± 750 108,630 
 J. acuminata 1,064 ± 404 1,759 ± 563 1620 ± 845 173,193 
 J. jesswiseae 370 ± 183 1185 ± 684 814 ± 430 834,000 
 J. edgbastonensis 1,481 ± 719 na 2,333 ± 837 1,560,352 
 Ga. fontana 
 
1,128 ± 288 
 
1,178 ± 307 
 
2,239 ± 8 
 
1,252,093 
 
NW72 J. jesswiseae 6,555 ± 3,187 6,888 ± 2,169 2,925 ± 1,272 1,173,815 
 J. edgbastonensis 1,740 ± 751 1,777 ± 570 3,851 ± 2,666 245,109 
 Ga. fontana 
 
969 ± 367 
 
285 ± 140 
 
1,140 ± 760 
 
686,667 
 
E524 Gy. edgbastonensis 1,234 ± 247 1,852 ± 642 1,604 ± 964 2,256 
 J. jesswiseae 3,481 ± 1,511 3,777 ± 2,073 10,703 ± 7,614 978,130 
 J. edgbastonensis 
 
5,037 ± 1,558 
 
1,296 ± 424 
 
1,815 ± 411 
 
239,944 
 
SW60 Gy. edgbastonensis 1,111 ± 770 864 ± 687 740 ± 565 20,897 
 J. acuminata 370 ± 320 787 ± 587 324 ± 226 15,011 
 J. jesswiseae 
 
296 ± 132 
 
444 ± 212 
 
592 ± 435 
 
15,538 
 
SW66 J. edgbastonensis 8,444 ± 3,160 5,074 ± 1,699 21,629 ± 7,995 1,140,389 
 
 
Environmental limits of endemic snail species 
The abundance of all species generally followed a normal distribution across each environmental 
gradient (Figure 5-7).  The level in the gradient at which the highest abundance and the highest 
proportion of quadrats occupied was found was specific to the species in question. Some species 
had narrow ranges of conditions under which they were most abundant (i.e. the 25th and 75th 
percentile of conditions) and were more commonly found (i.e. high proportion of occupied 
quadrats) (e.g. Gy. edgbastonensis, Glyptophysa sp. and J. acuminata, Figure 5-7 a-c).  These 
species were generally restricted to quadrats with pH around 8.5, conductivity less than 1mS, 
temperature differential below 4°C, and water depth close to or greater than 100mm. Jardinella 
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edgbastonensis, J. jesswiseae and Ga. fontana (Figure 5-7d, e and f) occurred across a broad range 
of conditions.  Jardinella edgbastonensis and Ga. fontana, in particular, were most abundant in 
areas with more extreme conditions (e.g. pH closer to 9, conductivity greater than 1mS, 
temperature differentials around 5°C, and water depths ~10mm).    
 
 
Figure 5-7 The abundance (circles, read off the left axis) and proportion of occupied quadrats (grey bars, 
read off the right axis) of six species of spring snail endemic to the Pelican Creek springs complex studied 
within the Edgbaston Reserve: a) Gy. edgbastonensis, b) Glyptophysa sp., c) J. acuminata, d) J. jesswiseae, 
e) J. edgbastonensis and f) Ga. fontana.  Overlaid on abundance is the 25th and 75th percentile of abundance 
(light pink filled region) and the average of the environmental variable of interest for each species at the 95th 
percentile of abundance (dark pink). 
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The environmental limits of endemic snail species were dissimilar and generally split into three 
clusters when subject to ordination (Figure 5-8).  Gyraulus edgbastonensis, Glyptophysa sp. and all 
Jardinella species (apart from J. edgbastonensis) aggregated together (Figure 5-8).  As a 
generalisation, all of these species were associated with deeper areas (Figure 5-6a - d) of lower pH 
and conductivity (Figure 5-7a - d), though J. jesswiseae was found in shallower regions of the 
springs (Figure 5-6d) and across a broader range of conditions (Figure 5-7d).  In contrast, J. 
edgbastonensis and Ga. fontana were dissimilar to this cluster, but also to each other (Figure 5-8e 
and f, respectively).  Both of these species persisted in high abundance in areas of environmental 
extremes (Figure 5-7e and f), but their particular limits differ from one another.  Gabbia fontana 
was associated with the highest pH and conductivity (Figure 5-7f) and was distributed across deep 
and shallow areas within the one spring it occupied (Figure 5-6f).  Jardinella edgbastonensis was 
generally more abundant in quadrats with moderate pH and conductivity (Figure 5-7e) but was 
more abundant in shallower areas of springs (Figure 5-6e). 
 
 
Figure 5-8 An nMDS ordination of dissimilarities across the environmental limits of each species of snail 
endemic to the Pelican Creek springs complex studied within the Edgbaston Reserve: a) Gy. edgbastonensis, 
b) Glyptophysa sp., c) J. acuminata, d) J. jesswiseae, e) J.edgbastonensis and f) Ga. fontana 
 
   
Discussion 
Springs fed by the GAB provide patches of permanent wetland in arid landscapes, but the 
environmental conditions within these wetlands are spatiotemporally variable, and species 
restricted to them respond to this variability in different ways. Seasonal changes followed patterns 
in the prevailing climate, and the major patterns within springs corresponded to depth. The 
distribution and abundance of the endemic snails monitored differed across species and fluctuated 
in space and time, but these fluctuations aligned with the environmental limits of each species and 
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the location within each spring where those conditions prevailed (i.e. species with narrow 
environmental limits occupied only pool areas).  Three species that are restricted to the largest and 
deepest springs (Gy. edgbastonensis, Glyptophysa sp., J. acuminata) were found in high abundance 
only in pool areas (the exception being Ga. fontana), and the most widespread species (those that 
occupy all types of springs: J. jesswiseae and J. edgbastonensis) were in roughly equal or higher 
abundance in tail areas.   
 
Observations in this study matched the conventional generalisation regarding structure within 
springs: deep pools close to the vent provide temporal constancy due to the stabilising influence of 
groundwater flow, and shallow tail areas, generally farther from the vent, experience more 
pronounced environmental variance caused by the prevailing influence of the terrestrial climate.  
Despite the fact that existing generalisations about springs were informed by studies of primarily 
high-flow, high altitude, cool climate springs (Cantonati et al., 2012a), they apply equally to these 
low-flow and extremely shallow springs in arid contexts.  The findings presented here also re-
enforce that this spatial heterogeneity at the microhabitat scale is of great importance (Cantonati et 
al., 2012a).  In this study, most species avoided tail areas entirely, and were not only restricted to 
only those springs that have pools (Chapter 4), but to the deepest sections within them 
(Glyptophysa sp., Gy. edgbastonensis, J. acuminata).  In contrast, species that occupy many 
springs, including those that are shallow (J. jesswiseae and J. edgbastonensis), were less restricted, 
and in the case of J. edgbastonensis, persisted in the most spatiotemporally variable areas of 
springs.  This is not unique to the Pelican Creek snails, as few species endemic to GAB springs 
persist in high abundance within tail areas, for example, only two of the five species of endemic 
fishes from Dalhousie springs occupy shallow pools (Kodric-Brown & Brown, 1993), and only one 
of four species of snail endemic to the Kati Thanda springs (Lake Eyre) can survive high salinity or 
periods of drying associated with spring tail areas (Ponder et al., 1989).  Thus, species diversity in 
GAB springs is evidently enhanced when springs provide areas with different environmental 
conditions, but particularly significant in this respect is the availability of deeper pool areas, 
because they are far more environmentally stable.    
 
Although the species studied here are from three different families with distinct evolutionary 
narratives, closely related species were not necessarily more similar.  In the case of the Planorbidae 
species, both appear to be strongly limited by the prevailing environment.  Likewise the only 
species of Bithyniidae is distinct, for it appears to have broad environmental limits but occupies 
few springs and only those with pools.  All Jardinella species found at Edgbaston are closely 
related, as they are part of a monophyletic radiation of Tateidae in the region (Ponder & Clark 
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1990; Perez et al., 2005). However, three different responses to environmental variance were 
observed in these species: J. acuminata is the most restricted, has narrow environmental limits and 
is more abundant in pools, J. jesswiseae occupies many springs and was equally abundant across 
pools and tails and J. edgbastonensis occupies springs with no pool and was more abundant in the 
ephemeral tail areas. These divergent modes by which each species deals with patterns of 
environmental variance in springs are not restricted to the Pelican Creek radiation.  Among the 
Tateidae in GAB springs surrounding Kati Thanda (Lake Eyre), Fonscochlea accepta and F. 
aquatica are sensitive to environmental variance, occupy few springs and are found in pools and 
upper outflows only, whilst their sympatric congener, F. zeidleri, is tolerant of dessication and 
occupies spring tails (Ponder et al., 1989).  When paired with the observations made here regarding 
the Pelican Creek radiation of Tateidae it appears that, on opposite sides of this vast artesian 
system, spring snails have converged on similar “solutions” for dealing with environmental 
variance in springs; species either avoid areas of high variability and are restricted to the deepest 
parts of the deepest springs, or are able to persist in the variable areas and thus occupy springs of 
all shapes and sizes. 
 
The findings presented here also provide suggestions for how to improve monitoring in GAB 
springs.  Springs fluctuate in size over decadal scales (White & Lewis, 2011), but this chapter 
demonstrates that they also fluctuate on short time scales.  One of the major determinants of these 
fluctuations is the depth profile of the spring.  Although techniques for remotely measuring spring 
size have been developed (White & Lewis, 2011), size is not a good predictor of depth (results here 
and Chapter 4).  In general, any predictive framework that overlooks the heterogeneity of the 
environmental conditions within or across springs is likely to overlook important covariates (Tyre 
et al., 2001; Nicol et al., 2015).  Remote and rapid techniques are being developed for GAB springs 
because they are difficult to access.  However these results show that, above all, on site 
measurements and multi-scale temporal replication are valuable.  The time and location of 
sampling has a strong influence on our perception of the springs (similarly in Alpine springs, 
Gerecke et al., 2011).  For example, winter estimates of spring size were not representative of the 
critical point in November when springs were smallest.  Or, samples taken at one time or in one 
place were not representative of the environmental conditions or biodiversity in all springs or areas 
within them (also see Rossini et al., 2015).  These results also suggest that, if predicting how 
endemic species will respond to environmental change (e.g. in response to groundwater drawdown 
(Nevill et al., 2010)), generalisations must be used with caution and autecological enquiry is best.  
By first understanding patterns of environmental variance at all relevant scales, and how each 
species responds to this variance, we can make sure elements of importance are not overlooked. 
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Springs provide a variable environment, and the match between environmental variability and the 
environmental requirements and limits of each species ultimately dictates the local distribution and 
abundance of organisms (Walter & Hengeveld, 2014).  The requirements and limits of each species 
combine to dictate patterns of diversity in different parts of the spring, and thus in springs of 
different depths.  This provides further evidence that the limited spatial distributions of spring 
species such as endemic snails are likely to be a compounded product of their strict environmental 
requirements and limits, and their dispersal limitations – they have trouble moving between springs 
and the few springs they reach may not match their requirements.  
 
Unfortunately, the recent history of GAB springs (and arid-zone springs in general) has been 
characterised by dramatic reductions in groundwater pressure caused by poor management, with 
the resulting reduction of flow at a basin-wide scale leading to the shrinking or complete loss of 
many GAB spring complexes (Fairfax & Fensham 2003, 2004; Powell et al., 2005). From our 
results, we predict that in any springs housing endemic species, the reduction of the stabilising 
influence of strong groundwater flow, and the loss of deep pool areas that likely follows, will lead 
to biodiversity loss.  Globally, groundwater pressure continues to be threatened by extensive and 
unrestricted water extraction (Danielopol et al., 2003), with Australia being no exception.  If these 
vital ‘islands’ of wetland habitat and the diversity within it are to be conserved (Davis et al., 2017), 
we must focus on maintaining groundwater pressure in their source waters. 
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Chapter 6 – Are the lethal and sub-lethal responses to environmental variance related to the 
distribution of spring snails endemic to the Pelican Creek complex? 
 
 
Introduction 
Springs fed by the Great Artesian Basin (GAB) in arid and semi-arid eastern Australia are ‘hot 
spots’ of endemic diversity, particularly rich in endemic spring snails (Fensham et al., 2011; 
Ponder & Walker, 2003; Ponder & Slatyer, 2010).  In a global context, springs and other 
groundwater dependant ecosystems are unique and vulnerable (Boulton, 2005; Cantonati et al., 
2012), with spring snails highlighted as being at particularly high risk of extinction due to their 
limited geographic ranges and the widespread destruction and loss of spring habitat (Hershler et al., 
2014; Ponder & Walker, 2003).  These risks are exacerbated because little is known about the 
ecology of many species (Chapter 2), making it difficult to understand the processes that limit their 
distributions, predict how they respond to environmental change or incorporate them into 
threatened species frameworks (Cardoso et al., 2011; Strayer, 2006; Strayer & Dudgeon, 2010).   
 
Snails endemic to GAB springs are no exception, and studying these species provides a unique 
opportunity for understanding spring systems in general.  The GAB feeds thousands of springs, and 
is one of the world’s largest artesian aquifers in an arid context not in a serious state of decline 
(Richey et al., 2015).  This means springs on opposite sides of the continent emerge in different 
climactic zones but remain relatively similar, because they are fed by groundwater flow from a 
common source.  Across these springs, there are endemic snails with diverse evolutionary histories: 
species of Tateidae are widespread and diverse due to multiple local radiations in different regions 
(Perez et al., 2005), species of Bithyniidae (Ponder, 2003) and Planorbidae (Brown, 2001; Ponder 
et al., 2016) occupy springs (and have relatives in other aridzone waterways) but are less speciose.  
The Pelican Creek springs complex in the basin’s northeast is of particular interest because, in this 
single 8,000ha area, there are at least 9 species of snail endemic to this single locality from three 
different families living in sympatry (Ponder et al., 2010). 
 
The inability of these aquatic spring snails to easily disperse across the arid land that exists between 
springs is thought to be the primary cause of their limited distributions (Murphy et al., 2013; 
Murphy et al., 2010; Worthington-Wilmer et al., 2008; Worthington-Wilmer & Wilcox, 2007).  
However, the distributions of species can also be limited by the restricted availability of areas that 
meet their environmental requirements (Hengeveld, 1993).  The environmental conditions within 
deep and shallow areas of springs at the Pelican Creek complex are highly dissimilar (Chapter5, 
summarised in Table 6-1), and the distributions of gastropod species endemic to the complex 
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appear limited to particular parts of this gradient (Chapter 4&5, summarised in Table 6-2).  Most 
species are found in <20% of springs in the complex, and are only found in the deepest parts (pool 
areas) of the largest deepest springs (Table 6-2).  In these areas, the direct input of water from the 
aquifer maintains permanent pools with relatively stable water chemistry and temperature (Table 6-
1).   
 
Few species are found in >50% of springs, and these species are generally the only ones that occur 
in shallow and small springs with no pool, or are found in high abundance in the shallow areas of 
large springs (Table 6-2).  In these areas, water flows out of the spring pool and evaporates (giving 
the name tail or outflow areas), creating high conductivity and pH, and exposing organisms that 
live there to higher temperature variance and potential for desiccation (Rossini et al., 2017) (Table 
6-1).  The different patterns of distribution of spring snail species across these areas with distinct 
environmental conditions may be caused by the different physiological tolerances of each species.  
Those with the most restricted distributions may be the most sensitive to environmental variance, 
and to environmental extremes in general, whilst those that persist in spring tails and have wider 
distributions may have broader environmental limits and greater tolerance of environmental 
extremes. 
 
 
Table 6-1.  The differences in the observed conditions in pool and tail microhabitats in GAB springs from the Pelican 
Creek complex (summarised from Rossini et al. in press) and the affinities of each of the species in this study with 
those conditions. 
 
 POOL TAIL 
Hours devoid of standing water each day 0h Up to 8h 
Completely dry in at least one season N Y 
Average pH range 7 - 8 9 – 10.5 
Average conductivity range (µS/cm) 800 – 1200 1500 – 4000 
Maximum conductivity (µS/cm) 2,132 7,820 
Average winter/summer temperature range 15 ± 5°C/25 ± 5°C 15 ± 10°/35 ± 10° 
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The suitability of environmental conditions for a species is often inferred from patterns in 
abundance across naturally occurring gradients (Guisan & Thuiller, 2005; Hengeveld & Haeck, 
1982).  However, experiments are needed to determine whether environmental correlates of low 
abundance directly affect the survival or fitness of the species in question (not another unmeasured 
factor), and if they do, to discern which factors are of importance to each species (Kearney, 2006; 
Mitchell, 2005; Vanhorne, 1983; Piggott et al., 2015; Underwood et al., 2000).  In the simplest 
scenario, individuals from all populations of all species restricted to deep pool areas die whenever 
any single factor exceeds a particular level.  However, such simple correlations between the lethal 
responses of species to single factors and their limits in the field are rarely found (Kefford et al., 
2004).  There is strong seasonal structure in environmental variance in the Pelican Creek springs 
(Chapter 5), which can have profound effects on the role environmental factors play in limiting 
distributions (Layman et al., 2000).  In this system, environmental extremes often spatiotemporally 
coincide (Chapter 4), and elevated conductivity, pH, desiccation potential and temperature variance 
persist through seasons in shallow tail areas.  This means short-term tests of single variables may 
overlook the important interactions that occur between variables in the field (Piggott et al., 2012, 
2015) or the physiological costs when environmental extremes are endured for long periods 
(Sultan, 2015).  Further subtleties may occur because springs can differ in their prevailing 
conditions (Chapter 4), and populations of the same species in different springs have been shown to 
respond to stressors differently (Ponder et al., 1989).  This could be because they have acclimated 
to the prevailing conditions in their spring of origin or, as there can be little gene flow between 
springs (Worthington-Wilmer & Wilcox, 2007), because they are genetically divergent.  Only by 
testing the responses of multiple populations of each species to factors as they occur in nature can 
we be sure to have captured the potential subtleties by which environmental conditions limit the 
distributions of spring snails. 
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Table 6-2.  Table with the six species endemic to the Pelican Creek springs included in this study (with the family denoted by letters in brackets, T = 
Tateidae, P = Planorbidae and B = Bithyniidae) showing a summary of results presented in previous studies regarding their distribution (Chapter 4 and 
5). 
 
Location Species (family) % springs occupied Notes on distribution Distribution type 
 
Pelican Creek 
springs 
Barcaldine 
supergroup 
Northern GAB 
 
J. acuminata (T) 
 
13 
 
All species have significantly higher abundance in pool areas where 
average depth is between 1 and 10cm, pH is below 9 and conductivity 
<1500µS/cm.  All (except for Gy. edgbastonensis) only found in the 
largest spring studied. 
Pool restricted 
 Gy. edgbastonensis (P) 12 
Glyptophysa sp. (P) 5 
 
J. jesswiseae (T) 
 
29 No significant differences in abundance across areas but the conditions of 
the quadrats it is found within are very similar to the “pool” species (and 
very dissimilar to those of Ga. fontana), apart from being relatively 
common in areas <1cm deep.  Found in the large and the medium sized 
springs studied. Pool and tail 
Ga. fontana (B) 14 No significant differences in abundance across areas and is particularly 
distinctive because it is equally common and abundant at 1500 µS/cm and 
2500 µS/cm.  Only found in the largest spring studied. 
 
J. edgbastonensis (T) 
 
37 
Noteworthy for being the only species to have significantly higher 
abundance in the tail areas.  The only species common and at high 
abundance in water <1cm deep (including 1mm i.e. they are not 
necessarily full immersed or may be burrowed in the sediment).  Whilst it 
is where conductivity is 1500 - 2500µS/cm (like Ga. fontana) it is far more 
abundant where conductivity is <1500µS/cm. 
Tail 
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Table 6-3.  Table summarising the results of surveys and physiological tests on all species included in the previous studies of Ponder et al. (1989).   
Location Species (family) 
% spring 
complexes 
occupied 
Notes on distribution Notes on responses to physiological tests Type 
 
Kati Thanda 
springs 
Lake Eyre 
supergroup 
Southern GAB 
Fonscochlea variabilis 
(T) 
Form A 
 
10 “…tend to prefer the upper outflow and 
spring head and to attach themselves to 
the undersides of hard objects” p39 
All dead within 12h dry, only species to suffer mortalities 
within 48h in moist treatment. 
Most inactive within 2h at 9pph, all dead instantly in 
12pph. 
Few active at temps <5 or >40. Aquatic 
(small) 
generally 
<2mm. 
 
 
Trochidrobia punicea 
(T) 
 
 
54 
“…extremely abundant in the springs 
within which it occurs.   They live in a 
variety of microhabitats and appear to be 
particularly abundant in shallow, firm-
bottomed outflows” p65 
All dead within 6h dry. 
Few active >12h at 9pph and all dead instantly in 12pph. 
None active at temps <1 or >37. 
 
Fonscochlea accepta 
(T) 
Form B 
 
23 “…[prefers] the shallow water outflows 
to the deeper water in pools, where as 
form A is found in pools in large 
numbers” p29 
All survive up to 4h dry then most dead within 12h. 
No clear trends, high activity in 12pph. 
None active <1C or >42C. 
Aquatic 
(Large) 
2.4 - 4.8mm. 
 
    
Fonscochlea aquatica 
(T) 
Form A 
60 
“…[name is] a derivation of its aquatic 
habit…” p30 
Most survive up to 4h dry then most dead within 12h. 
No clear trends, high activity in 12pph. 
Some active at temps <0C and none active >40C. 
 
Fonscochlea zeidleri 
(T) 
Form A 
 
87 
“… most widely distributed of the 
mound springs snails, is of special 
interest because of its amphibious habit.  
It lives, in most springs, along the edges 
of the outflows where it is either 
exposed, or partly or completely buried 
in sediment” pp 56-58 
Only species to have >50% of individuals survive being dry 
for 48h. 
No clear trends, high activity in 12pph. 
Some individuals active at temps <1C and >40C. 
Amphibious 
~5mm long. 
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Given the diversity of snail species endemic to GAB springs, the ability to generalise throughout 
the system would be useful.  In previous studies of the southern GAB springs surrounding Kati 
Thanda (Lake Eyre), Ponder et al. (1989) divided local endemic species of Tateidae into two 
distinct ecological types: “aquatic” species that occupied fewer spring groups, were found in areas 
close to spring pools and were intolerant of environmental extremes, and “amphibious” species that 
occupied more spring groups, were found in shallow spring outflows and could tolerate 
environmental extremes for up to 48h (Table 6-3).  Commonalities appear, therefore, between the 
two complexes - the most widespread species at Pelican Creek are those that occupy shallower 
areas where the liklihood of facing environmental extremes is higher.  If species from Pelican 
Creek are equally dichotomous - widely distributed tail occupying species are most tolerant, pool 
restricted species are most sensitive - generalisations that apply to species from different families 
on opposite sides of the basin appear possible.  However, given that tests at Pelican Creek include 
three families with very different morphologies (e.g. Tateidae, Planorbidae and Bithyniidae all 
have very different opercula) and evolutionary histories (e.g. Tateidae are generally restricted to 
coastal streams whilst Planorbidae and Bithyniidae are found throughout the arid zone), it may also 
demonstrate that generalistations may be limited.  Such generalisations would be useful for 
predicting biodiversity losses in response to basin-wide threats such as groundwater draw down 
(Nevill et al. 2010) and climate change (Davis et al. 2013), particularly given the prevailing lack of 
data about most GAB endemic invertebrate species (Chapter 2).  The gastropod species endemic to 
the Pelican Creek springs provide a perfect opportunity to look for generalisations across regions 
and species with different taxonomic affinities because the site lies within a different climate zone 
and geological context to the Kati Thanda springs, and within it, nine species of spring snail from 
three different families (Planorbidae, Bithyniidae, Tateidae) live in sympatry (Ponder et al., 2010), 
including a lineages of Tateidae separate to those from the southern radiation (Ponder & Clark, 
1990). 
 
This study had three main aims.  First, it sought to determine whether species endemic to the 
Pelican Creek springs complex with different patterns of distribution in the field differed in their 
short-term (within 24h) lethal responses to environmental conditions concordant with the averages 
and extremes (field maxima) that prevail in tail areas (elevated desiccation potential, conductivity, 
pH and temperature), and how those responses differ across populations or seasons.  Second, it 
assessed the potential for factors tolerable in short-term tests to interact over short (within 24h) and 
long (over 1 month) exposure periods to cause lethal or sub-lethal effects, using a single species 
with the narrowest environmental limits in the field (Glyptophysa sp.).  Third, it focussed on 
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replicating experiments conducted by Ponder et al. (1989) to assess how the responses of species 
endemic to the Pelican Creek springs compare to the species of Tateidae endemic to the Kati 
Thanda (Lake Eyre) springs, in particular, whether species with similar patterns of distribution in 
each region respond to environmental extremes in a similar fashion. 
 
Methods  
All work was conducted at the Edgbaston Reserve, located in central Queensland (Australia) which 
includes the northern portion of springs in the Pelican Creek complex.  Snails were collected from 
large springs that held all species: one in the centre of the complex (site code E509, Lake Eyre 
Basin Springs Assessment (LEBSA) ID 651 (DSITIA, 2015), lat. long. -22.732 and 145.431) and 
one in the south (site code SW50, LEBSA ID 635 (DSITIA, 2015), lat. long. -22.753, 145.427).  
These two springs are some of the largest within the Edgbaston property, but exist in different 
landscape contexts and have prevailing differences in their water chemistry (Table 6-4).  
 
 
Table 6-4.  The pool characteristics and prevailing water chemistry of the spring pool at the two springs from which 
snails used in this study were collected.  Prevailing spring characteristics are from the unpublished data of R.A. 
Rossini, all water chemistry averages are unpublished data of R.A. Rossini. 
 
 Springs 
 E509 SW50 
 
Landscape position 
Within a sporadically flooding clay 
pan with salt crusts in the centre of the 
complex 
In a calcareous travertine-dominated 
sandy area in the south of the 
complex 
Spring size 3000m2 3500m2 
Maximum pool depth 15cm 30cm 
pH 7.9 – 8.5 7.7 – 8.3 
Conductivity 735 - 965 500 – 800 
 
 
Short-term tests of the lethal effects of environmental variables in isolation were tested on six 
species at Edgbaston in July and November 2015.  Tests of sub-lethal effects and long-term effects 
on Glyptophysa sp. were conducted at wet labs in the University of Queensland from September 
2016 to November 2016.  The application of the treatments of Ponder et al. (1989) to the species of 
Pelican Creek was conducted at Edgbaston in July and November 2015. These experiments were 
conducted on a remote field site with no access to rooms where temperature could be controlled, 
and thus all treatments were maintained at the ambient temperature and humidity at the time.  
These differ significantly in each season – July is cool (monthly average minima and maxima = 9 – 
29°C) and dry (monthly average monthly rainfall 21mm, average relative humidity 46) whilst 
November is hot (monthly average minima and maxima = 21 – 34°C) and wet (monthly average 
monthly rainfall 62mm, average relative humidity 38). 
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Short-term tests of lethal responses to conditions experienced in tail microhabitats 
Snails were selected by haphazardly collecting individuals in the maximum size range in each 
spring (assumed to be adults, different for each species), transported to a shaded area within 
30mins of collection, and held in aerated tanks filled with water from their spring of origin until 
experiments began.  Individuals were haphazardly allocated to treatment by time combinations and 
immersed in the chosen condition by 1000h on the day of collection. 
 
Treatments manipulating conductivity, pH and desiccation were conducted using 150mL plastic 
take-away containers filled with water of the chosen treatment.  The lethal response was measured 
as the proportion of individuals alive after being taken from their experimental container and 
placed in water from their home spring for 1h.  Individuals were classified as “alive” if they 
emerged from their shell and began crawling.  Most individuals began moving within 10min, 
though all were left for the full hour and their state determined after the hour.  In these experiments, 
time was treated as an independent factor, thus a different set of 5 individuals were allocated to 
each of the 1h, 2h, 6h and 24h time periods.  For each set, response was measured after the 
allocated time had passed (i.e. all four sets were started at 1000h, the 1h treatment were measured 
at 1100h, the 2h at 1200h and the 24h at 1000 the following day).  
 
Three levels of conductivity and two levels of pH were selected to represent the naturally occurring 
gradient at Edgbaston: average conductivity in pools = 800µS, the average in tails = 3500µS and 
the extreme in tails = 10mS, and average pH in pools = 8 and in tails = 9.5 (Table 1).  This range of 
pH and conductivity is created in natural contexts by differing concentrations of Potassium, 
Sodium and Chloride ions (Fairfax et al. 2007).  In an attempt to mimic this, water harvested at the 
Edgbaston house bore was used to represent pool conditions. Sodium Chloride (NaCl) was used to 
modify conductivity and Sodium Bicarbonate (NaCo3) to modify pH.  For treatments focussed on 
single variables (i.e. tail conductivity or tail pH) either NaCl or NaCO3 were added until the desired 
treatment levels were reached.  For the combined treatment (i.e. tail conductivity and pH) both 
NaCl and NaCO3 were added to the same end.   
 
The experimental treatments manipulating desiccation potential represented three types of emersion 
snails may experience in nature (Table 1).  The extreme tail treatment representing the complete 
loss of standing water that occurs when springs dry seasonally (Rossini et al. 2015), where snails 
were patted dry with filter paper and placed into containers with dry filter paper.  Diurnal 
fluctuations in the amount of standing water in the tail areas were represented by a moist treatment, 
where snails were placed on moistened filter paper without excess water. Paper was checked 
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constantly and re-moistened if required. Pools were represented by a wet treatment where snails 
were held in containers full of bore water.  Filter paper was placed on the bottom to control for any 
possible effect the filter paper may have had as it was used in other treatments. 
 
Experiments manipulating temperature were conducted using 90mL containers filled with spring 
water, placed in water baths that were either heated or cooled.  The response variable for 
temperature tests was different as this experiment employed a repeated measures design, where 
temperature increments were not independent.  The same ten snails were exposed to the full range 
of increasing (25-50°C) or decreasing (25-0°C) temperatures that were changed at a rate of 5°C per 
hour.  At each 5°C increment (starting at 25°C, up to 50°C and down to 0°C) temperature was 
maintained for 2min at the chosen temperature and snails were observed in situ.  All individuals 
were deemed to be active or inactive depending on whether they retained traction with the 
container and were crawling normally (active) or had lost traction, dropped to the bottom of the 
container and ceased movement (not active).  For increasing temperatures, containers were placed 
onto a flat-bottom plate that was suspended over a pot of water whose temperature was controlled 
using a Butane camp stove.  For decreasing temperatures, containers were placed in a 
thermostatically controlled camping refrigerator/freezer, whose thermostat was lowered gradually.  
Temperatures were monitored constantly in both procedures using a digital thermometer.   
 
As the study species are threatened and all experiments had death as an end product, efforts were 
made to keep sample sizes as low as possible.  Therefore short-term tests across all species, 
populations and seasons were not replicated within a population or season, and all results are the 
proportion of the 5 (for pH, conductivity and desiccation) or 10 (for temperature) individuals that 
survived the treatment.  For comparisons of the response of three species across populations in two 
seasons, nMDS was used following the recommendations of Borcard et al. (2011).  For each 
population of each species, the proportion of individuals alive for each treatment level and time 
were input as a proportion. Variables where the response of each species across all seasons and 
populations were the same (e.g. all pool treatments) were excluded from the dataset.  This meant 
that the final data set was composed 22 input values for each population of each species, one for 
each time (1h, 2h, 6h and 24h) in the dry and 10mS treatments, and one for each of the ten 
temperature increments.  As data to be input was quantitative and used the same scale (proportion 
of individuals alive as a value between 0 and 1) the distance matrix was calculated on non-
standardised data using Euclidean distance via the ‘vedist’ function, and plotted into nMDS 
ordinations using the ‘metaMDS’ function with the vegan package (Oksanen et al., 2007) executed 
in R Studio .   
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Sub-lethal and synergistic effects of tail conditions over short and extended time periods on 
Glyptophysa sp. 
 
For short-term tests on lethal and sub-lethal responses of Glyptophysa sp., snails were collected and 
tested in September 2016 from the population in SW50.  The response variable for tests of sub-
lethal effects on Glyptophysa sp. was the time (in seconds) that each individual took to fully extend 
both tentacles beyond the aperture after being placed in a container full of water from their home 
spring (referred to from here as response time).  It is assumed that individuals that are slower to 
resume normal activity are suffering physiological strain.  
 
Long-term tests focussed on Glyptophysa sp. were conducted in 2016 in a laboratory using snails 
and water collected from spring SW50 and transported to Brisbane.  Experiments were conducted 
in a flow-through aquaria system, where each individual was housed in its own sealed 90mL 
container with water of the desired treatment circulating continuously from an aerated sump shared 
between all 6 replicates for each treatment.  The conductivity and pH of water within the sumps, 
mortalities of Glyptophysa sp. and whether food was required were checked daily.  Glyptophysa sp. 
were fed washed pesticide free lettuce ad libitum – a food source used in other studies of closely 
related species (Kefford et al. 2007) and one with which a lab colony of this species of 
Glyptophysa sp. have been maintained with individuals reared through multiple generations for 
over a year (Rossini, pers. obs.).   
 
In experiments addressing the response time of Glyptophysa sp., time and treatment were 
independent factors.  Differences were compared with n=6 for each treatment (except for 10mS 
where the sample size was reduced by mortalities, so 3 random replicates were removed from the 
800µS/cm treatment to give a final of n=3) using ANOVA, with time and treatment as factors.  The 
response variable for long-term experiments was the time until death for the n=6 individuals tested 
in each treatment, these were compared using ANOVA with treatment as the only factor and 
individuals that survived to the experiments conclusion allocated a time until death of 38 days. 
 
Replicating the experiments of Ponder et al. (1989) 
All attempts were made to be as true to the original methods of Ponder et al. (1989) as possible, 
however only a subset of treatments were used (all conductivity levels, all temperatures, 
desiccation treatments).  Experiments at Edgbaston were conducted in July and November, months 
that flank the original experiments of Ponder et al. (1989) (August to September), meaning the 
prevailing temperature in each set of experiments differed (see Chapter 5 for ambient temperatures 
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at Edgbaston).  Table salt was used to manipulate conductivity instead of NaCl, as this was the 
method used by Ponder et al. (1989).  As findings from previous experiments demonstrated that 
species from different populations had different responses, we attempted to replicate tests for each 
species on individuals from two populations, and test these populations in two seasons.  However 
for two species (J. acuminata and J. edgbastonensis) this was not possible.  All raw data presented 
by Ponder et al. (1989) was input into a data frame representing the Kati Thanda species alongside 
the results for species endemic to Pelican Creek, and was analysed using the methods described in 
the previous section regarding comparisons across populations and seasons.  This analysis only 
differed in that 26 input values were used for the comparison, one for each time (1h, 2h, 6h and 
24h) for the dry, 6ppm, 9ppm and 12ppm treatments, and one for each of the ten temperature 
increments. 
 
 
Results 
Short-term tests of lethal responses  
No individual of any species (J. acuminata, J. jesswiseae, J. edgbastonensis, Glyptophysa sp., Gy. 
edgbastonensis, Ga. fontana) suffered mortalities at any time in the pool treatment.  In the tail 
moist, tail pH (9.5) and average tail conductivity (3,500µS/cm) treatments no deaths occurred 
within 24h for any species, with mortalities only occurring in response to the most extreme tail dry, 
10mS conductivity treatments and at the temperature extremities. 
 
In these extreme treatments, all species apart from Ga. fontana suffered mortalities in the dry 
treatment (Figure 6-1, left).  Jardinella acuminata suffered greatest mortality: 100% of individuals 
were dead at all times (Figure 6-1c).  All Gy. edgbastonensis and J. jesswiseae survived in the 1h 
dry treatment, but mortalities occurred at 2h, and none survived in the 6h and 24h treatments 
(Figure 6-1a and d).  Eighty per cent of individuals of Glyptophysa sp. were alive in the 2h and 6h 
treatments but only 20% survived 24h under dry conditions (Figure 6-1b).  Gabbia fontana and J. 
edgbastonensis, were the only species in which 100% of individuals were alive in the 6h dry 
treatment (Figure 6-1e and f), and Ga. fontana was the only species in which all individuals were 
alive after 24h dry.   
 
When exposed to extreme conductivity (10mS) (Figure 6-1, centre), all species apart from Ga. 
fontana suffered mortalities (Figure 6-1f).  All individuals of all species apart from J. 
edgbastonensis were alive in the 1h and 2h treatments (Figure 6-1e).  Gyraulus edgbastonensis and 
J. acuminata had lower proportions of individuals alive in the 6h treatment, and 100% of 
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individuals were dead in the 24h treatment (Figure 6-1a and c).  Similar patterns occurred in 
Glyptophysa sp. and J. jesswiseae, except that in both species a small number of individuals 
remained alive in the 24h treatment (Figure 6-1b and d). 
 
 
Figure 6-1. The proportion of individuals of each focal species alive in the desiccation (left) and conductivity (centre) 
treatments and active in different sectors of the temperature gradient (right). 
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When exposed to increasing or decreasing temperatures, all species had all or some individuals that 
lost traction and ceased movement at temperatures below 10°C (Figure 6-1, right), though 
individuals of the two species of Planorbidae (Glyptophysa sp. and Gy. edgbastonensis) were the 
only ones to remain active at 5°C (Figure 6-1a and b).  Under increasing temperatures, all species 
of Jardinella and Ga. fontana began losing traction and ceasing activity at 35°C.  All individuals of 
J. acuminata ceased movement at 40°C (Figure 6-1c) and all other species had <50% of individuals 
active at 40°C.  Of the two Planorbid species this began at higher temperatures, 40°C for Gy. 
edgbastonensis and 45°C for Glyptophysa sp. (Figure 6-1a and b).  All individuals of all species 
had entered heat coma at 50°C and no individuals of any species revived once the water returned to 
25°C after reaching 50°C. 
 
Contrasting responses across populations and seasons 
In all species, there was no mortality in response to the pool treatment or the tail conductivity 
(3500µS/cm), tail pH (9.5) and tail moist treatments across any populations or season (same result 
as previous tests).  Differences only arose in response to the extreme treatments (dry, 10mS 
conductivity and extreme thermal limits).   
 
Differences between snails from different springs, or snails tested in different seasons, depended on 
the variable tested (Figure 6-2).  When exposed to the extreme dry treatment, all species responded 
in a specific-specific but similar fashion (Figure 6-2, far left).  Individuals from different springs 
elicited similar responses, but larger mortalities (>50% dead) occurred in earlier time treatments in 
November compared to July: in the 2h treatment instead of the 6 or 24h for Gy. edgbastonensis 
(Figure 6-2a), in the 6h treatment versus the 24h treatment for Glyptophysa (Figure 6-2b), in the 1h 
treatment instead of the 2h treatment for J. jesswiseae (Figure 6-2c), and mortality after 6h 
compared to none within 24h in Ga. fontana (Figure 6-2d). 
 
When exposed to extreme conductivity treatments (Figure 6-2, centre left), different patterns were 
observed across species.  In the two Planorbid species (Gy. edgbastonensis and Glyptophysa sp.), 
greater mortalities occurred sooner in July compared to November, but snails from E509 
experienced greater mortality than those from SW50 (Figure 6-2a and b).  In contrast, J. jesswiseae 
showed the same pattern as for the extreme dry treatment – mortalities occurred sooner in 
November than July for snails from both springs (Figure 6-2c).  No mortalities of Ga. fontana 
occurred in any season for snails from both springs (Figure 6-2d). 
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Figure 6-2.  The proportion of individuals of A. Gy. edgbastonensis, B. Glyptophysa sp., C. J. jesswiseae and D. Ga. 
fontana from two populations (circles = E509, squares = SW50, see text) tested in two seasons (dark line, filled = July, 
dashed line, open = November) alive at each time or temperature when exposed to extreme dry treatment (far left), 
extreme conductivity treatment (10mS) (centre left) and the full temperature range experienced in nature (split 
according to population, centre-right = E509, right – SE50). 
 
 
For increasing temperature (Figure 6-2 centre right and far right), a threshold of >50% mortality 
occurred at lower temperatures in the July observations compared to the November observations in 
snails from both springs: for Gy. edgbastonensis and Glyptophysa sp. there was 100% mortality at 
45°C (Figure 6-2a and b), for J. jesswiseae at 35°C versus 40°C (Figure 6-2c) and for Ga. fontana 
at 35°C versus 45°C (Figure 6-2d).  Patterns in the lower thermal limit were contingent on the 
spring from which snails came and the species: Gy. edgbastonensis from both springs had a lower 
thermal limit in November (Figure 6-2a), Glyptophysa from E509 had a lower thermal limit in July 
but those from SW50 were similar across seasons (Figure 6-2b), J. jesswiseae from E509 had a 
lower thermal limit in July but those from SW50 were the opposite (Figure 6-2c) and Ga. fontana 
thermal limit was lower in those from E509 but similar for SW50 (Figure 6-2d, centre right versus 
right). 
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When all responses are considered simultaneously, snails from both locations of the four species 
tested responded in a dissimilar fashion, and responses tested in November were dissimilar to those 
tested in July (Figure 3).  Populations of each species were generally more similar to each other 
within a season (i.e. Ga. fontana from E509 tested in July was more similar to those from SW50 
tested in July than those from E509 tested in November), with the exception of Glyptophysa sp. for 
which all are approximately equidistant.  Despite this variability, species remain dissimilar to each 
other – no 95% confidence interval for a species overlaps with another, particularly within seasons 
(e.g. the points for Glyptophysa sp. and Ga. fontana are close, however this is caused by the 
November samples for Ga. fontana being similar to the July samples for Glyptophysa sp.).   
 
 
Figure 6-3.  An nMDS showing the response to dry, 10mS conductivity and temperature treatments of two populations 
of four species of snail endemic to Edgbaston tested in two seasons (filled = July, open = November) bound within 
95% confidence interval ellipses for each species.  Symbols denote families (circle = Tateinae, triangle = Planorbidae, 
diamond = Bithyniidae).  Colours and initials within the ellipse denote species with J. jesswiseae (JJ) as navy, Gy. 
edgbastonensis (GE) and Glyptophysa sp. (GL) as light green and dark green, and Ga. fontana (GF) as yellow. Final 
stress = 0.12. 
 
 
Sub-lethal and synergistic effects of tail conditions over short and extended time periods 
Some treatments that did not lead to death in Glyptophysa sp. over 24h were associated with longer 
response time.  Individual Glyptophysa sp. exposed to tail moist, tail pH (9.5) and tail conductivity 
(3500µS/cm) generally had a similar response time to those exposed to pool conditions (pH 8.5, 
conductivity 800µS/cm) (Figure 6-4a, b and c).  However in the group exposed for 2h to tail 
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conductivity, average response time was longer than all other treatments, but there was high 
between-individual variance (i.e. some had response times similar to those in the pool treatment, 
others had response times considerably longer than that) rendering differences in the averages 
statistically insignificant (Figure 6-4b).  In extreme treatments, although all Glyptophysa sp. were 
able to survive both the 1h and 2h treatments under dry conditions, the response time of individuals 
in these treatments was significantly longer than all other treatments (p<0.001) (Figure 6-4a).  
Likewise in 10mS conductivity treatment, although 50% of individuals survived in the 1h 
treatment, the response time of the remaining individuals was significantly longer (Figure 6-4b).  
Glyptophysa sp. experienced no mortality after 24h exposed to treatments that combined tail 
conductivity and pH treatments.  Individuals exposed to this treatment for 2h had a longer response 
time at the 2h time period but there was very high variance, identical to the pattern that occurred 
when exposed to tail conductivity in isolation (this treatment is not displayed, see Figure 6-4b).   
 
 	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-4. The average response time (in seconds, plus SE of n=6) of Glyptophysa sp. individuals exposed to pool 
conditions (grey), tail conditions (white, dashed line) or extreme conditions (black, black line) for three treatments A. 
desiccation potential (pool = wet, tail = moist and extreme = dry), B. conductivity (pool = 800µS/cm, tail = 3500µS/cm, 
extreme = 10mS) and C. pH.(pool = 8.5, tail = 9.5). 
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In experiments where Glyptophysa sp. was exposed to treatments for longer time periods, there was 
a significant difference in the time until death across treatments (n=6, p<0.05) (Figure 6-5).  No 
mortalities occurred in the pool treatment (Figure 6-5). Despite short-term exposure to tail pH and 
conductivity causing no deaths when each treatment was endured in isolation, mortalities occurred 
after 35 days in both treatments (with no significant difference between the two or between these 
treatments and the pool treatment) (Figure 6-5).  Glyptophysa sp. in the combined tail pH and 
conductivity treatment had a significantly shorter time until death.  Over half of the individuals 
exposed to a combination of tail pH and conductivity died within 7 days, and only 20% remained 
alive beyond one month (Figure 6-5). 
 
 
Figure 6-5. The proportion of individuals of Glyptophysa sp. alive at each day within a 38-day period of exposure to 
pool conditions (pH 8.5, conductivity 800µS/cm) and tail treatments composed of elevated pH (9.5, conductivity 
800µS/cm) or conductivity (pH 7.5, 3500µS/cm) (grey or white squares respectively) or both factors in combination (pH 
9.5 and conductivity 3500µS/cm) (black square). 
 
 
Replicating the experiments of Ponder et al. (1989) 
The responses of species from Pelican Creek to the treatments of Ponder et al. (1989) did not align 
with their distribution in the field (Table 6-5).  For all species apart from Ga. fontana, the majority 
of individuals were dead within 24h (though most in <6h) when exposed to the more extreme 
conductivity treatments of Ponder et al. (1989).   
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Table 6-5.  Table with all species endemic to the Pelican Creek springs (with the family denoted by letters in brackets, 
T = Tateinae, P = Planorbidae and B = Bithyniidae) and their type of distribution in the field (from Rossini et al. 
inpress1, summarised in Table 1) and the results gathered here regarding the responses of these species to the 
treatments applied by Ponder et al. (1989). 
 
Species (family) Distribution type Response to desiccation 
Response to  
conductivity 
 
Jardinella acuminata (T) 
Pool 
 
All dead within 1h 
Dead within 6h at 6ppt 
and all dead in 9 and 
12ppt 
Gyraulus edgbastonensis (P) 
All dead within 6h 
Dead within 6h at 6ppt 
and all dead in 9 and 
12ppt 
Glyptophysa sp. (P) 
20% left at 24h 
Few survive 24h at 
6ppt, most survive 1h at 
12ppt but very few 
remain longer than that 
 
Jardinella jesswiseae (T) Pool and tail 
 
 
All dead within 6h 
Few survive 24h at 
6ppt, most survive 1h at 
12ppt but very few 
remain longer than that 
Gabbia fontana (B) Only species to 
survive 24h 
Only species to survive 
all times at 12ppt 
 
Jardinella edgbastonensis (T) Tail  
 
Only species with 
100% alive at 6h 
All dead within 2h at 
6ppt, some survive 1h 
at 12ppt but very few 
remain longer than that 
 
 
In ordinations of species endemic to Kati – Thanda (Lake Eyre), two broadly dissimilar clusters 
formed corresponding to the conclusions of Ponder et al (1989) (Figure 6-6).  Individuals of the 
“amphibious” F. zeidleri form A from all three locations were more similar to each other than to 
the “large aquatic” species (F. accepta and F. aquatica), both of which were dissimilar to the 
“small aquatic” species (F. variabilis and T. punicea).  Confidence intervals (95%) for Pelican 
creek species (tests of individuals from different springs, but also different seasons) generally 
corresponded to the groups formed by the Kati Thanda species (Figure 6-6).  Gabbia fontana was 
dissimilar to all other Pelican Creek species and has a confidence interval that overlaps with the 
“amphibious” F. zeidleri form A from Kati Thanda (Figure 6-6).  All Tateidae (J. acuminata, J. 
jesswiseae and J. edgbastonensis) and the smaller Planorbid Gy. edgbastonensis have overlapping 
confidence intervals.  Conclusions for J. edgbastonensis and J. acuminata are affected by the lack 
the seasonal replication, however the July measurements for J. edgbastonensis are most similar to 
the July measurements for J. jesswiseae and the November measurements for J. acuminata overlap 
with those for J. jesswiseae in November.  Some species within this cluster overlap with T. punicea 
and F. variabilis, suggesting they are more similar to the “small aquatic” species from Kati Thanda 
(Figure 6-6).  The large Planorbid Glyptophysa sp. falls between these groups, and has a confidence 
interval that overlaps with the “large aquatic” species F. aquatic and F. accepta (Figure 6-6).  
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Figure 6-6.  nMDS ordination of all species endemic to Pelican Creek springs and those from the Kati-Thanda (Lake 
Eyre) complex studied by Ponder et al. (1989).  For species endemic to Pelican Creek, species from different families 
are represented as different symbols (circle = Tateidae, triangle = Planorbidae, diamond = Bithyniidae) and multiple 
populations tested within two seasons are shown (filled = July, open = November as indicated in the legend) and are 
bound within a 95% confidence interval ellipse coloured and labelled with an abbreviation of the species name (navy 
(JJ) = Jardinella jesswiseae, light blue (JE) = Jardinella edgbastonensis, blue (JA) = Jardinella acuminata, light green 
(GE) = Gyraulus edgbastonensis, dark green (GL) = Glyptophysa sp., yellow (GF) = Gabbia fontana).  Data presented 
in Ponder et al. (1989) are presented as squares, coloured according to the category applied to the species by the 
authors (black = amphibious, grey = large aquatic and white = aquatic) with the 95% confidence interval for each type 
denoted as a broken line.  Final stress = 0.10. 
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Discussion 
There is little evidence that species endemic to Pelican Creek springs are restricted to spring pools 
by the lethal effect of short-term exposure to any one element that prevails in tail areas.  However, 
average tail conditions caused sub-lethal responses in the species with the narrowest environmental 
limits, and were lethal within a week in treatments that replicated the synergistic nature of 
environmental variance as it occurs in nature (i.e. scenarios with combined variables over extended 
periods).  All species suffered mortalities within 24h of exposure to treatments imitating the 
desiccation, conductivity and temperature extremes that prevail when spring tail areas dry and 
retract (Rossini et al. 2017).  However, individuals of the same species from different populations, 
or tested in different seasons, were dissimilar in their response.  Although the responses of species 
endemic to Pelican Creek springs align with the species from Kati Thanda (Lake Eyre), the divide 
between “aquatic” and “amphibious” species found by Ponder et al. (1989) is not readily applicable 
to the Pelican Creek system because the more broadly distributed species were not necessarily the 
most tolerant. 
 
Species studied here whose distributions are restricted to spring pools are only found in the field 
where water is deep and permanent, and pH and conductivity are lowest.  Therefore, it could have 
been assumed that being left without standing water, or exposed to levels of conductivity or pH far 
beyond their field limits, would prove lethal (e.g. the tail treatments used here were at least twice 
the average field limit of these species).  Instead, pool restricted species were able to persist for 24h 
in water with conductivity of 3,500µS/cm, pH of 9.5, and where there was little more than moist 
substrate.  In physiological tests of species limits, organisms are often able to endure extremes of a 
single environmental variable far beyond the limits they live within (Kefford et al., 2004).  Testing 
for the effect of factors in isolation, on only adult life-stages or for only short time periods is not 
indicative of the way an organism experiences its environment in nature. Temperature and salinity 
(Layman et al., 2000), pH and salinity (Havas & Rosseland, 1995; Zalizniak et al., 2009b) or 
salinity and desiccation (Pallaréset al., 2015) have all been shown to interact with one another 
causing different physiological and behavioural outcomes for freshwater organisms.  High 
abundance in an area is not just a product of adult survival, it is contingent on the ability of the 
organism to persist through all life stages under the prevailing environmental conditions (e.g. early 
life-stages are often more sensitive (Kefford et al. 2007; Pineda-Torres et al. 2012)), or fit it’s life 
cycle into the prevailing structure of it’s environment (Walter & Hengeveld, 2014).  Thus, although 
adults of pool restricted species survived the treatments used here to represent each of the 
conditions that prevail in shallow springs or tail areas, such tests of single variables over short time 
periods on adult life stages only may not be indicative of their limitations in the field. 
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Extremes of different environmental variables co-occur in springs: conductivity, pH, temperature 
and the potential to dry must all be endured simultaneously in space (i.e. in shallow tail areas) and 
in time (i.e. diurnally at midday, seasonally when springs shrink due to high evaporation) (Chapter 
5; Rossini et al., 2017).  The importance of considering the effect of co-varying factors is evident in 
this study from tests on Glyptophysa sp.  Salinity and pH levels tolerable for up to a month in 
isolation resulted in death within a week when experienced in combination.  Negative synergistic 
responses such as this are the dominant response type in meta-analyses of marine organisms 
(Przeslawski et al., 2015), though some question whether they prevail in freshwater systems 
(Piggott et al., 2015).  Springs are distinct freshwater ecosystems that are often overlooked in 
discussions of freshwater ecology (e.g. Jackson et al., 2016)), despite the fact they are of 
considerable interest and conservation concern (Cantonati et al., 2012a) and present unique 
physiological challenges for organisms (Blinn, 2008).  The results presented here suggest that 
stressors in GAB springs are likely to act in a synergistic fashion.  This calls into question whether 
species that survived simple short-term tests could persist in tail areas in the field for protracted 
lengths of time.  Unfortunately more extended tests on all species were not possible within the 
scope of this study, but evidence from Glyptophysa sp. re-enforces that the response of these 
species to factors in combination is much worse than their response to each in isolation.  Studies of 
the effects of environmental variance as it occurs for the organism in nature are vital for 
understanding the subtleties of how species respond to environmental variability, and how this 
affects their distributions in the field (Côté et al., 2016). 
 
Many species that live in regions characterised by climatic extremes, like the arid zone, have 
adaptations that make them resilient to environmental variance (Bartholomew, 1963; Cloudsley-
Thompson, 1975; Williams, 1985).  Whilst gastropods that inhabit refuges like springs lack many 
of the adaptations common to other more broadly distributed arid zone freshwater species (e.g. 
ability to diapause at some point in the lifecycle through dry periods (Ponder & Slatyer, 2010)), 
they have some resistance to environmental variance.  In this study, all species had higher upper 
thermal limits in summer when the ambient temperatures were ~10°C higher (Rossini et al., 2017).  
Many also appeared to employ behavioural mechanisms to avoid lethal temperatures in the field 
(>35°C) that occurred often in shallow areas in the summer months (e.g. perching at the waterline 
in the shade or burrowed during the day and active at night, Rossini pers. obs.).  Burrowing was 
shown to be essential for the Desert Goby (Chlamydogobius eremius), one of the few fish that 
occurs in spring shallows (Kodric-Brown & Brown, 1993), to remain within its thermal limits 
(Glover & Sim, 1983).  However in some cases, acclimation or adaptation does not appear to be 
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occurring.  For example, populations from springs with higher average pool conductivity (e.g. both 
Planorbidae species from E509), and species that occupy areas of highest conductivity on average 
(J. edgbastonensis), were all the least tolerant of salinity extremes.  Likewise, in all species tested, 
mortalities in response to desiccation and extreme conductivity occurred faster in the hottest, driest 
season when conductivity and pH are higher on average (November) (Chapter 5; Rossini et al., 
2017)).  Therefore, whilst these species are able to acclimate and respond to some forms of 
environmental variance, perpetually persisting in areas of sub-lethal environmental conditions may 
have fitness effects (Kefford & Nugegoda, 2005) and make individuals less tolerant of 
environmental extremes when they occur (Sultan, 2015).  
 
Some commonalities can be seen in the species from the Pelican Creek and Kati Thanda (Lake 
Eyre), but generalisations applicable across both regions that link patterns of distribution to 
physiological tolerance are not readily available.  Species with high abundance in pool areas at the 
Pelican Creek springs (J. acuminata, Gy. edgbastonensis, Glyptophysa sp.) were similar to the 
pool-restricted and sensitive “aquatic” species from Kati Thanda (Lake Eyre) (F. variabilis, F. 
aquatic, F. accepta and T. punicea).  Likewise, the Bithyniidae Ga. fontana, which can be found in 
relatively high abundance in shallow areas of springs at Pelican Creek (Table 2), was most similar 
to the “amphibious” F. zeidleri from Kati Thanda (Lake Eyre).  However, given that Ga. fontana 
was the most tolerant of environmental extremes of all Pelican Creek species, questions emerge 
regarding why then this species is restricted to so few large springs with deep pools (Chapter 4). 
Bithyniidae possess a very hard and thick opercula that, on closing, creates a very tight seal against 
the outside environment (Rossini pers obs), whilst the Tateidae have a thin horny opercula, 
therefore protecting itself from changes in salinity may hinge on its ability to completely isolate 
itself. Restrictions for this species, therefore, appear to lie in the temperature stability afforded in 
large deep springs, as it had the narrowest thermal limits of any species (10-30°C).  Likewise, it 
was expected that J. edgbastonensis would be the most tolerant of environmental extremes, 
because it’s distribution in the field encompasses the most environmentally variable areas of 
springs and best matched that of the tolerant “amphibious” F. zeidleri from Kati Thanda.  This was 
not the case.  In the field, J. edgbastonensis is common and abundant in areas less than 10mm deep 
that dry for up to 6h daily, but has highest abundance where conductivity is below 1500µS/cm 
(Chapter 5; Rossini et al., 2017).  These results suggest that it’s ability to persist in shallow areas is 
likely to be the result of its desiccation tolerance, but that it is still environmentally limited to areas 
where conductivity is low.  This may explain why populations of this species were highest in 
previous studies in springs that were shallow but had low conductivity (spring SW66 in Rossini et 
al., (2017)).  
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The Jardinella (Pelican Creek), Trochidrobia and Fonscochlea (Kati Thanda, Lake Eyre) genera 
represent distantly related lineages of Tateidae on opposite sides of the GAB (Perez et al., 2005).  
Although the Pelican Creek and Kati Thanda springs are unified by their common source, the 
vastness of the GAB means the Kati Thanda (Lake Eyre) springs emerge in a context that is highly 
dissimilar to that at Pelican Creek.  The Kati Thanda (Lake Eyre) area is drier (annual rainfall of 
162mm compared to 497mm at Pelican Creek) and hotter (average mean maximum temperatures in 
January of 39°C versus 36°C), and spring water conductivity is much higher (between 1053-
9360µS/cm, up to 54.6mS (McMahon et al., 2005) compared to 800 – 2500µS/cm and up to 10mS 
at Pelican Creek (Chapter 4 and 5)).  Since the aridification of the Australian interior, these species 
of Tateidae have been trapped within springs, diversifying locally into different species in each 
region (Perez et al. 2005), and in some cases, distinct clades in geographically isolated clusters of 
springs (Ponder,et al. , 1995).  We know that gastropods in this system have different ways of 
occupying springs, and assumedly dealing with the prevailing environmental variance within them 
(Ponder et al. 1989; Rossini et al., 2017).  However, this study emphasises that, despite 
commonalities in patterns of distribution, we cannot readily assume that species that occupy the 
shallowest most ephemeral parts of springs in each region are equally tolerant of environmental 
variance.  For example, if widespread groundwater drawdown occurs again in the GAB system and 
springs begin to shrink (Nevill et al. 2010), both F. zeidleri and J. edgbastonensis may be the only 
species likely to persist in the shallow springs that remain, but only F. zeidleri will be able to 
persist if drawdown events also see springs increase drastically in salinity. 
 
The match between an organisms requirements and the structure and spatiotemporal dynamics of 
its’ environment are important for explaining patterns of distribution in many species at a range of 
scales (Hengeveld, 1993; Hengeveld & Haeck, 1981, 1982).  This study demonstrates that 
combinations of naturally occurring environmental variables act as a mechanism that shape the 
distribution of snails endemic to the GAB springs system.  However, broadly applicable 
generalisations about how this occurs are not available – species-specific enquiry is needed for 
closely related taxa.  One generalisation that can be made however, is that all species are dead 
within 48h (but most within 12h) when left on dry substrates, or when living in water that has high 
conductivity (>10mS) or that reaches high temperatures (>40°C).  These conditions occur often in 
the field, particularly in shallow areas far from spring vents, as springs fluctuate through the 
seasons and shallow pools evaporate (Rossini et al., 2017).  Because of this, most species are found 
within deep spring pools, and those that are not, retreat to the remaining tail areas at the pool 
margin or near the spring vent when the spring shrinks in size (Fairfax et al., 2007; Rossini et al., 
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2017).  Therefore, even if a pool-restricted species were to colonise a spring with a small shallow 
pool, they will perish if and when that pool dries for more than 12h (most for <6h), and in the 
Pelican Creek springs, even the most widely distributed species is dependant on shallow areas with 
good groundwater flow that ensures conductivity is low and temperature extremes are minimised.  
This again emphasises the importance of the permanent environmentally stabilising influence of 
strong groundwater flow in GAB springs systems, and how imperative it is for species 
conservation.  Unfortunately for these species, threats to groundwater have been (Fairfax & 
Fensham, 2002, 2003), and remain (Nevill et al. 2010) strong due to poor basin management.  
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Chapter 7 – Conclusions 
 
Springs fed by the GAB are “hot spots” of biodiversity in the Australian arid zone.  This is not 
news (Fensham et al., 2011; Ponder, 1995), however this thesis builds on current perceptions of 
that diversity and the processes that maintain it.  The review presented here (Chapter 2) is the first 
to assess patterns of biodiversity at a GAB scale.  It highlights that the majority of species endemic 
to GAB springs are concentrated in few locations (Figure 2-5), and these locations generally have 
larger numbers of springs and are close to other complexes but poorly connected via drainage 
channels (Table 2-7).  Although there is probably double the number of plant, mollusc, amphipod, 
and isopod species than are currently described (Figure 2-10), we are still unable to assess the full 
extent of biodiversity in this system due to a prevailing lack of data.  This can be remedied rapidly, 
as Chapter 3 gives recommended methods for sampling springs macro-invertebrates (Appendix 3-
1) and demonstrates that a good representation of diversity in a spring complex can be sampled 
quickly, as long as areas different depth are sampled (Figure 3-3).  Discovering species is but the 
first step, as a prevailing lack of ecological data restricts our ability to assess the risk of extinction 
for species in this threatened ecosystem (Figure 2-9), particularly for invertebrates (Figure 2-8).  In 
this concluding chapter, I summarise the implications of these findings for the way we conserve 
GAB springs. 
 
This thesis worked to tackle this data deficiency directly, and in doing so inform applied (e.g. 
conservation) and theoretical (e.g. metapopulation theory) approaches to dealing with threatened 
invertebrates in GAB springs.  Gastropods with small geographic distributions are the most 
specious element of the threatened “community” (Figure 2-4), so I focussed on gastropods endemic 
to one of systems biodiversity “hot spots” – the Pelican Creek complex in central Queensland 
(Figure 2-7).  Our understanding of threat, and our conceptualisations of ecological and 
evolutionary processes in springs, is guided by ecological and evolutionary theory.  In the dominant 
model applied in springs, and patchy or insular systems in general, potentially important 
differences in the environmental conditions of habitat patches are often overlooked, or are 
assumedly captured by patch size and connectivity.  However, this thesis demonstrates that GAB 
springs are environmentally heterogeneous across complexes (Chapter 2), within complexes across 
springs (Chapter 4), and within springs (Chapter 5).  It also demonstrates that, within these species 
distributions, environmental heterogeneity interacts with dispersal limitations to dictate patterns of 
abundance and distribution (Chapter 5 and 6).   
 
Springs provide a spatiotemporally variable environment (Figure 4-4 and 5-2), but there is a 
prevailing difference between deep stable pool areas and shallow ephemeral tail areas (Figure 5-5).  
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Species respond to this variance in different ways (Figure 5-7), but most only persist in high 
abundance (Figure 5-6) or for extended periods (Figure 4-5 and 4-6) in the pool areas of large deep 
springs.  This is because most suffer severe mortalities within 24h of being exposed to extremes of 
desiccation and salinity (Figure 6-1).  Whilst pool-restricted species are able to endure elevated 
conductivity or pH in isolation, these conditions cause mortalities five times faster when 
experienced in unison (Figure 6-5).  Such subtle and species-specific responses to an inherently 
variable, but structured, environment challenges some of the major assumptions behind models of 
springs that focus only on ‘dispersal limitation’.  In this concluding chapter I discuss the 
implications of this further, and in doing so, highlight how an autecological conception of springs 
can help to explain patterns of diversity, and population processes such as extirpation and 
colonisation.  
 
 
Is dispersal the key determinant of distribution in this island-like system? 
In this thesis, I aimed to assess the utility of including the role of environmental limitation when 
considering ecological processes in GAB discharge springs.  The ‘dispersal limitation’ model is the 
most commonly invoked reasoning used to explain the limited distributions of spring fauna.  This 
model is rooted in metapopulation theory, and places particular emphasis on the difficulties these 
aquatic organisms face in migrating between springs, and treats population-level processes (like 
those influencing abundance) to a pre-subscribed set of demographic principles applied equally to 
all species (Hanski, 1990, 1991, 1992; Hanski & Gilpin, 1991b).   
 
The alternative ‘environmental limitation’ model places the match between the prevailing structure 
of the environment and each species requirements and limits at the centre of enquiry; 
contextualising limits like dispersal amongst other environmentally mediated processes (Figure 1-
4).  This model emphasises how the species-specific environmental requirements and limits of 
organisms influence their survival and reproductive rates in a locality.  Observable patterns of each 
species ‘intensity of occurrence’ (e.g. patterns of abundance or population persistence) provide a 
measure of this match (Hengeveld & Haeck, 1982; Walter & Hengeveld, 2014).  In sites where the 
match is poor, abundance is low and populations suffer more regular extirpations, where the match 
is good, abundance is highest and populations persist.   
 
In this model, the environment is expected to be variable, and species are expected to fluctuate in 
response to this spatiotemporal variance.  Spatially, whether that be at a within spring or between 
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spring scale, abundance will be highest where conditions best match the species requirements.  In 
time, as conditions change in a location, individuals must track areas that remain suitable (i.e. J. 
edgbastonensis abundance shifting as spring tails expand and dry) or, if this is not possible, will 
suffer a local extirpation.  Of particular concern for this ‘environmental limitation’ model is 
assessing the inherent heterogeneity in the springs themselves, and any potential structure in the 
environmental variance that species may have adaptations to fit within.   
 
This thesis has demonstrated that there is considerable heterogeneity across springs and within 
springs, but this can be somewhat reduced to the availability of two prevailingly different types of 
environments – deep pools where environmental variance is minimal, and shallow tails and 
outflows that are environmentally variable at diurnal and seasonal scales.  Each species has 
adaptations that match it to different sub-sets of this environmental gradient – some are unable to 
persist in the face of extreme environmental variance and only persist in high abundance in deep 
pools, and the springs that posses them, others are able to persist through the environmental 
variance that typifies shallow areas and persist in a wide range of springs including those that lack 
a pool.  In explaining patterns of diversity therefore, differences between species responses to 
patterns of environmental variance are of concern, as locations where multiple species 
requirements are matched simultaneously are the most diverse (Walter & Hengeveld, 2014).  
Rather than assuming demographic processes apply equally across species, space and time, this 
theoretical alternative to demographic ecology sees abundance and patterns of distribution as 
species-specific spatiotemporally dynamic processes that are not in equilibrium.  Instead, they are a 
direct response of the time and place specific match between each organism’s environmental 
requirements and limits, and the prevailing conditions (Hengeveld & Haeck, 1982; Walter & 
Hengeveld, 2000, 2014).   
 
These observations cast doubts around some of the key assumptions applied to modelling the 
population dynamics of springs species, and their summation as patterns of diversity.  First, springs 
do not provide a homogenous environment, and heterogeneity has varying importance depending 
on the scale of enquiry.  Second, there is a range of species-specific responses to environmental 
heterogeneity, and these compound with dispersal limitations in different ways.  Third, there are 
environmental mechanisms that can explain patterns of abundance, occupancy, extirpation, 
colonisation and population persistence.   
 
First, it is not safe to assume that environmental conditions across springs are homogenous, or that 
environmental heterogeneity has no effect.  Environmental heterogeneity plays a different role in 
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each step of the hierarchy of spatial scales in springs (Figure 7-1).  Environmental variance at the 
broadest scale considered here – across complexes at a whole of GAB scale – is not strongly 
related to diversity of species endemic to GAB springs, though complexes with larger numbers of 
springs are more likely to contain endemic species (Chapter 2).  At this scale, the local species pool 
that were left stranded in each springs complex, and their collective inability to disperse between 
spring complexes since the late Miocene, are likely to be maintaining the distinct assemblages of 
species in each area.  Similar conclusions have been made in other springs systems in arid contexts 
(e.g. Northern America (Robert Hershler, Mulvey, & Liu, 1999)) and alpine Europe (Horsák et al., 
2007)).  However within a single complex, elements of patch geometry like wetted area (patch 
size) and distance to nearest neighbours are equally important as pool depth (Chapter 4).  Within 
each species geographic distribution, dispersal limitations and environmental limitations are 
interacting with one another.  A species that relies on the environmental stability that is only found 
in deep spring pools is limited not only by whether it can disperse to other springs, but also by 
whether the spring it arrives at maintains a deep pool.  The same mechanisms dictate where a 
species is found at a within-spring scale, areas with significantly different patterns of 
environmental variance occur across different depths - environmentally stable and permanent 
spring pools in deep areas and ephemeral and extreme spring tails in shallow areas.  All species 
studied here at the Pelican Creek complex occupied a sub-set of the available wetland habitat in a 
species-specific manner (Chapter 5).  At this scale, dispersal limitation is unlikely to provide a 
great limit to species distributions.  Instead, some species of endemic snails track the environmental 
conditions that suit their requirements as the spring fluctuated in size and shape, others remain 
restricted to areas of environmental stability.  
 
 
Figure 7-1.  Conceptualisation of the relative importance of dispersal limits and environment limits in dictating 
patterns of diversity and abundance of species endemic to GAB springs at the different scales. 
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Second, the relative importance of environmental limits and dispersal limits are species specific.  
The number of springs in a complex that provide the right conditions, and are therefore occupiable, 
is a product of the match between each species environmental requirements and where they are 
satisfied in the landscape.  Some species tolerate environmental variance, and are found in a wide 
range of springs within their geographic distribution (e.g. F. zeidleri, J. edgbastonensis), but most 
are sensitive to environmental extremes, and are only found in the few places that provide 
environmental stability (e.g. Glyptophysa sp., F. variabilis).  Generalisations based on taxonomy 
(i.e. closely related species do not respond in the same way) or patterns of distribution (i.e. tail 
occupying species are all tolerant of desiccation) are not possible.  Broadly distributed tail 
occupying species from Pelican Creek are desiccation tolerant, but sensitive to salinity extremes, 
whilst species from Kati Thanda with the same type of distribution can endure both. Generally 
speaking, environmentally tolerant species occupy more springs, including isolated and shallow 
springs (J. edgbastonensis).  Environmentally sensitive species are restricted to deep springs, but 
these species are affected by the isolation of springs in different ways.  Some are found in springs 
that are spatially isolated (J. acuminata), some are restricted to the few deep large springs with 
multiple neighbours within a short distance (Glyptopysa sp.) (Chapter 4). 
 
Third, there are environmental mechanisms that can explain observed patterns.  The models that are 
most commonly applied to patchy systems (like springs) such as incidence function modelling 
(Tyre et al., 2001), use patch geometry (size and isolation) to predict patterns of distribution and 
persistence.  To do so, they accept density dependant mechanisms as the prevailing cause of 
observed patterns, and assume that re-colonisation is distance-dependant, and extinction is a result 
of disequilibrium in a local population or random and unpredictable environmental perturbations 
(Hanski, 1981, 1983, 1990, 1997; Hanski & Gilpin, 1991a).  However there are often compelling 
ecological reasons outside of patch geometry that explain patterns of distribution and abundance 
(Clinchy et al., 2002; Fleishman et al., 2002), especially for rare species (Thomas, 1994).   
 
In the case of GAB springs, depth explains occupancy, population persistence and diversity and, 
unlike size, there are mechanistic reasons for this.  Deep areas provide environmentally stable 
conditions in a fixed location and persist through dry times.  Therefore the match between each 
species and its environmental requirements and limits can be used to predict patterns of abundance 
and distribution in each species, and how they shift (Figure 7-2).  Tolerant species are able to 
persist where water dries (for no more than 6h), and thus can follow the shallow areas of large 
springs as they expand and retract, or persist in high abundance in small shallow springs as long as 
conductivity is low (J. edgbastonensis).  Others are bound to deep areas of large springs and perish 
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within a week if forced to live within tail conditions (e.g. Glyptophysa sp.) (Chapter 5 and 6).  This 
provides environmental reasons for successful colonisation and extirpations completely unrelated 
to biotic processes and population equilibrium.  It also demonstrates that, rather than seeing the 
environment as a stochastic interrupter of biotic processes, environmental variance in this system is 
spatially structured and predictable (i.e. changes in spring chemistry and size followed prevailing 
climatic conditions).  Successful colonisations and longer population persistence of sensitive 
species is going to occur only in springs with deep pools, and extirpations will occur for these 
species at any time that pool is diminished (e.g. in November before the wet season (Chapter 5)).  
By integrating environmental limits and dispersal limits in such a way, more accurate models of 
patch occupancy can be made (Schooley & Branch, 2009). 
 
Figure 7-2.  The flow chart of how dispersal limitation and environmental limitation interact to restrict the distributions 
of species in springs (presented in Chapter 1, Figure 1-4), with the data collected in this thesis applied to two species as 
examples: Glyptophysa sp. (left) and Jardinella edgbastonensis (right). 
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The ways in which depth affected these endemic spring species was subtle.  All species tested in 
this thesis were able to survive up to 24h exposed to individual factors concordant with tail 
conditions, which could suggest that species with distributions restricted to the spring pool could 
technically persist in spring tails (Chapter 6).  However, extended tests on Glyptophysa sp. 
demonstrated that factors interact to exacerbate mortality in tail scenarios (Chapter 6).  The 
mechanisms dictating the distribution of more tolerant species remain complex.  Gabbia fontana is 
the only species of Bithyniidae endemic to the Pelican Creek complex, and is one of the most 
tolerant of environmental extremes.  Fonscochlea zeidleri, a species with similar tolerances from 
Kati Thanda, are the most broadly distributed and are more common in shallow spring outflows in 
their region, however Ga. fontana is found in few springs (Chapter 4) and in higher abundance in 
spring pools (Chapter 5).  Despite its tolerance of desiccation and salt, Ga. fontana had the 
narrowest thermal limits of any tested species, and limits far narrower than F. zeidleri (remains 
active <1°C and >40°C) (Chapter 6). This means that, despite its tolerance of extreme conductivity 
and desiccation, pool areas deeper than 20mm are the only area at Pelican Creek where 
temperatures remain within Ga. fontana’s thermal limits (>10°C in winter, <40°C in summer) 
(Chapter 5).  Rather than the need to avoid extremes of conductivity or drying, this species may be 
restricted to large deep springs because it must avoid high temperatures.  Likewise, J. 
edgbastonensis has a similar pattern of distribution to F. zeidleri, but was one of the most sensitive 
to conductivity extremes (Chapter 6).  Despite being found across shallow areas of many springs, 
this species is most abundant where water is shallow but conductivity is low (<1500µS/cm) 
(Chapter 5).  This is rare, for example on average tail quadrats are ~1300µS/cm, but the prevailing 
conductivity gradient across the complex means that ~50% of tail quadrats in the northern springs 
(e.g. NW72 and E509) are higher than this limit, whilst only 3% are above it in the south (e.g. 
SW66).  Whilst J. edgbastonensis occupies shallow areas in a wide range of springs, they were 
found in higher abundance in the smallest shallowest spring because its landscape position and size 
meant that this spring was composed almost completely of shallow areas with low conductivity.  
These subtleties are not surprising given the unique evolutionary narratives of each taxa, however 
the emphasise the importance of species-specific enquiry in this system before assumptions are 
made about mechanisms of general importance. 
 
In summary, this thesis has demonstrated that environmental heterogeneity across springs interacts 
with dispersal limitation in different ways at a range of scales to help explain patterns of 
occupancy, abundance and population persistence, and therefore diversity of endemic spring snails.  
These environment-focussed observations do not deny the importance of dispersal in this, and 
other, insular systems (Drake et al., 2002).  Despite being in completely different climatic zones, 
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and regarding a set of species with different evolutionary histories, the data presented here supports 
previous observations about dispersal made using patterns of population connectivity in GAB 
springs.  Springs connected by wetland within 300m of each other are occupied by more species, 
support more persistent populations of many species, and thus have higher diversity through time, 
which supports the assertion of (Worthington-Wilmer et al., 2008; Worthington-Wilmer & Wilcox, 
2007).  The taxa-specific role of dispersal emphasised by Murphy et al. (2010) is also supported, 
but the findings presented here emphasises that specificity extends beyond class-level differences, 
with closely related species in the same class displaying different responses to their environment.  
Rather than seeing the primary process dictating the distribution of spring species as dispersal (and 
focussing our efforts on attempting to quantify it), we must think about the species-specific ways 
that dispersal limitations and environmental limitations interact at different spatial scales. 
 
 
Autecological model for springs systems 
By focussing on environmental structure and how species fit within it, the findings presented in this 
thesis can be used to better understand the processes dictating the distributions of the diverse 
assemblage of species, endemic or not, that occupy the GAB springs system as a whole.  To do 
this, we can focus on the structure of environmental heterogeneity within springs, and how each 
species is likely to respond to it.  This thesis emphasises that, despite their permanence relative to 
other arid zone water bodies, springs provide a variable environment (Chapter 5).  However, due to 
their unique connection to groundwater, this environmental variance is structured into four areas 
across two major ecotones (Figure 7-3), a structuring common to springs in general (Cantonati et 
al., 2012a).  One ecotone stretches from the groundwater source, through the underlying geology, 
up into the spring vent.  The other spans the surface manifestation of the groundwater expression, 
from the spring vent and pool through the outflowing tail or spring brook and eventually into the 
surrounding terrestrial environment.  The extreme extent of this ecotone is often an area of diffuse 
discharge, referred to as a spring scald, with its own unique species (Fensham et al., 2016).   
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Figure 7-3.  A conceptual diagram representing a cross section through a spring (adapted from (Cantonati et al., 
2012a)) showing the four broad environmental zones along the two major environmental ecotones that exist in springs.  
The aquifer and spring vent, the environmentally stable wetland habitat at the spring pool, the environmentally variable 
wetland habitat at the spring tail and the groundwater influenced by dry habitat of the spring scald. 
 
 
This structure applies to springs irrespective of their context.  For example, areas investigated in 
detail here consider the ecotone between the areas of aboveground wetland habitat, and divide this 
area in to the environmentally stable deep spring pool area, and the environmentally variable spring 
outflow or tail area.  These two areas can appear in a range of forms across springs of different 
morphology (Springer & Stevens, 2008) – for example limnocrenic springs like those considered in 
this thesis consist of a pool and a slow-flowing outflow, whilst in rheocrenic springs the pool is 
small because all water flows out at high rates into the spring brook.  By considering springs as a 
habitat composed of these four areas, we can begin to build a conceptualisation of springs as 
unique freshwater ecosystems unto themselves, whose ecology is influenced by different processes 
than those in more widely studied lentic and lotic systems (Cantonati et al., 2012a; Smith et al., 
2003).  For example, in high altitude alpine springs and low altitude arid zone springs the vent pool 
is an area of environmental stability – in the arid zone strong groundwater flow prevents extremely 
high temperatures in summer, in alpine areas it prevents aquatic habitats from freezing in winter 
(von Fumetti & Blattner, 2017). 
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We can use this conceptualisation of springs, the areas within them, and how they influence species 
distributions, to consider the community of organisms found in GAB springs as a whole, and how 
they are likely to respond to environmental change.  Water in the arid landscape appears in systems 
with differing levels of permanence (Box et al., 2008; Davis et al., 2017), and aquatic species 
respond to these differences in accordance with their adaptations (Chester et al., 2015; Morán-
Ordóñez et al., 2015).  Ephemeral rivers, lakes and billabongs are the most spatiotemporally 
variable freshwater system in arid Australia and organisms that occupy these systems possess 
adaptations that allow them to fit this structure.  For example, broadly distributed arid zone fishes 
have behavioural and physiological adaptations that allow them to capitalise on periods of water 
abundance, and persist in refuges through times of water scarcity (Arthington & Balcombe, 2011; 
Kerezsy et al., 2014).  Many arid zone invertebrates deal with water scarcity using broad-range 
dispersal capabilities and adaptations for locating suitable habitat (Bilton et al., 2001).  Others do 
not disperse, but deal with variable water availability via adaptations that allow one life-stage to 
persist through dry times and respond quickly when water is present (e.g. species with eggs that 
diapause (Hairston, 1996)).  In contrast, species endemic to springs have adaptations that allow 
them to persist in the hyper-alkaline and often salty water of springs, but lack the ability persist 
through times of dry (Ponder & Slatyer, 2010) and appear to generally have poor abilities to 
disperse beyond ~3km (Worthington-Wilmer et al., 2008). 
 
Numerous species that are common in all arid zone and/or coastal waterways occupy springs.  
Within the Pelican creek complex, a huge diversity of water beetles (Hydrophillidae, Dyticidae), 
dragon and damselflies, arid-zone fishes (e.g. Spangled Perch), broadly distributed snails (e.g. the 
introduced Physa acuta) and plants (Cyperus laevigatus, Phragmites australis) are found in springs 
alongside endemic species (Ponder et al., 2010).  These species also include unique isolated 
populations of coastal taxa whose spring populations are 100s of kilometres from their current core 
range (Clarke et al., 2013).  All of these species possess adaptations that allow them to occupy a 
range of aquatic habitats, and to persist in the face of some form of water variability and 
impermanence (Cloudsley-Thompson, 1975; Ponder & Slatyer, 2010).  For them, springs are one 
of numerous habitable aquatic environments, and they respond to environmental variance within 
them as such.  For example, a spring is suitable habitat for a dragonfly as long as there is a large 
enough body of water to act as a display site, and a spring is no different to a pool of water 
gathered at a roadside after rain.  Given their well-developed dispersal capabilities, species of 
dragonfly that use springs (and other water bodies) persist by moving between suitable patches of 
habitat as they emerge in the landscape (although there are dragonflies flagged as putative 
endemics such as Nannophya sp. at Pelican Creek (Ponder et al., 2010)).   
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In contrast, species endemic to GAB discharge springs are restricted to the permanent aquatic 
habitats they maintain, and occupy different areas along the aquatic-terrestrial ecotone.  The 
majority of species appear to be restricted to the environmental stability that can only be 
guaranteed in deep spring pools.  For example, of the six snail species endemic to Pelican Creek 
considered here, four are more common and abundant in the pool area of occupied springs (Chapter 
4 and 5).  Such restrictions are also likely to apply to the fishes endemic to Pelican Creek (S. 
vermeillipinnis and C. squamigenus) as well as aquatic plants such as M. artesium.  This pattern 
undoubtedly applies outside of Pelican Creek, for example all fishes endemic to the Dalhousie 
complex bar one are restricted to the open water pool areas of the deepest springs (Kodric-Brown 
& Brown, 1993), and the majority of snail species endemic to springs surrounding Kati-Thanda are 
restricted to areas of permanent water surrounding the spring pool or upper outflow (Table 6-3).  
However, some species occupy the more ephemeral and variable shallow tail areas.  The ability of 
these species to persist in the face of environmental extremes such as extended periods left dry (e.g. 
J. edgbastonensis (Chapter 6)) or extreme salinity (e.g. F. zeidleri, Ponder et al. 1989) means they 
are able to persist in the smallest springs, including those with no standing pool of water.   
 
Species dependant on springs can also be associated with areas beyond those considered in this 
thesis, and occupy the aquifer itself (stygofauna) or the farthest extreme in the terrestrial ecotone in 
the spring scald (Figure 7-3).  Spring associated habitats extend along the aquatic-terrestrial 
ecotone to areas outside of the wetland habitat.  These areas are often referred to as ‘scalds’.  These 
are areas of diffuse discharge (but no true wetland) that provide unique environmental conditions 
and, in some cases, are home to species that are only found surrounding springs or in scalds left by 
extinct springs (Fensham et al., 2016).  Likewise, a second ecotone not considered as part of this 
thesis extends from the terrestrial manifestation of the spring into the subterranean area of the vent, 
and eventually the GAB.  A huge diversity of organisms still largely unstudied live within aquifers, 
some of which represent the ancestral forms of species that now occupy springs (Boulton, 2005; 
Danielopol et al., 2003; Humphreys, 2006, 2008).  The stygofauna of the GAB appear less diverse 
than other Australian aquifers, which may be a product of the incredible depth and heat maintained 
within the GAB prohibiting the development of such a community (Ponder, pers. coms).  Whilst 
both of these parts of the springs habitat and have not been considered explicitly in this thesis, a 
conceptualisation of GAB springs and the ways that species occupy them must consider all four of 
these unique areas and the gradients between them.  
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The role of the environment in the evolution of springs species 
When considering the high levels of biodiversity in springs, the question that immediately appears 
is why are some springs home to more endemic taxa than other arid zone aquatic ecosystems? And 
why are some springs devoid of endemic species? Current consensus suggests that this is the 
product of a combination of two processes (Murphy et al., 2015a).  First, springs have persisted 
throughout the climatic changes of the Pliocene and Miocene and thus were refuges for species as 
the continent dried, acting as “museums of past diversity” for species “stranded” in the only 
permanent water that is left.  Second, the conditions within springs have meant, for some species, 
springs act as “evolutionary cradles” where considerable amounts of diversification across isolated 
springs have occurred since the late Miocene (Murphy et al., 2012; Murphy et al., 2015a; Ponder & 
Slatyer, 2010).   
 
In the springs system, wide ranges of taxa have experienced very similar habitats and quaternary 
changes in their environment.  Thus, one could expect to see similar patterns of radiation or 
adaptation in all spring endemic organisms (Marten et al., 2006).  Instead it appears that the innate 
traits that different species brought with them combined with their unique post-refugia histories 
combined to create their evolutionary narratives, and their current pattern of distribution (Murphy 
et al., 2010).  For example, some species remain unchanged and did not radiate further within the 
springs environment (Wager & Unmack, 2004).  Some remain morphologically identical, but 
spatial isolation in different spring complexes has led to divergence into cryptic species complexes 
(Colgan & Ponder, 2000; Colgan et al., 2006; Murphy et al., 2012).  Some have remained 
morphologically similar but have developed different adaptations for dealing with environmental 
variance (e.g. the “aquatic” F. accepta, F. aquatica and F. variabilis versus the “amphibious” F. 
zeidleri (Ponder et al., 1989)).  Some have both diverged morphologically and acquired distinct 
traits for allowing them to deal with environmental variance (e.g. the tail-occupying J. 
edgbastonensis versus the pool-restricted J. acuminata (Ponder & Clark, 1990)). 
 
The diverse ways species respond to their environment highlighted in this thesis is of interest for 
our understanding of evolution and speciation within the system.  Snails in the family Tateidae are 
the most diverse and widespread within the GAB system – species endemic to a single supergroup 
are found in seven of the thirteen spring supergroups.  It is believed that these species were 
stranded within then radiated within each supergroup or complex once the continents interior 
became more arid (Perez et al., 2005; Ponder et al., 1989; Ponder & Clark, 1990; Ponder & Slatyer, 
2010).  In three lineages, similar patterns have been revealed.  In each region and radiation, there 
are broadly distributed species that occupy many springs that encompass a broad range of 
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environmental conditions, and there are species that occupy few springs with a more limited set of 
environmental conditions (Figure 7-5).  In two of these lineages (Kati Thanda – Lake Eyre and 
Barcaldine), the majority of species are limited to areas of environmental stability, whilst one 
species is able to persist in areas of environmental variance and thus occupy a larger number of 
springs and areas within them, including those that are very shallow.  
 
The ancestors of the tateiid species endemic to GAB discharge spring are likely to have been 
adapted to mesic environments, and thus the species that were trapped and diverged within the 
system invaded the springs with adaptions suited to clear, permanent fresh water conditions in 
humid contexts (Murphy et al., 2015a; Ponder & Slatyer, 2010).  In the case of the springs, water 
permanence and environmental stability akin to the environments of these species ancestors are 
only guaranteed in the deep pool areas of large springs (Chapter 5). It is not particularly surprising 
therefore, that the majority of species have distributions limited to these areas (Chapter 4, 5 and 6).  
However, in two separate and distantly related lineages, a single species has acquired adaptations 
that allow it to persist in the face of desiccation and salinity extremes.  Rather than some species 
being pre-adapted to endure environmental variance, these traits appear to have appeared in 
allopatry as parallel evolution in at least two separate events. The results presented in this thesis 
suggest that, in each of these events, each species able to persist in areas of environmental variance 
has adaptations suited to its particular context (Chapter 6).  The “amphibious” F. zeidleri of the arid 
and higher salinity springs surrounding Kati Thanda is able to persist much longer periods of 
desiccation and much greater conductivity than J. edgbastonensis from the semi-arid springs of 
Pelican Creek.  Therefore, whilst species of Tateidae in each radiation have converged on similar 
modes of living within springs – most species are unable to withstand environmental variance and 
are restricted to areas of deep water close to spring vents, some tolerate environmental extremes 
and occupy shallow areas – the particular limits of tolerant species in each radiation are contingent 
on the local climatic and geological conditions. 
 
Environmental mechanisms play a strong role in speciation and adaptation (Walter & Hengeveld, 
2000, 2014).  Adaptations concerning tolerance of desiccation and high salinity go hand-in-hand 
for inland species.  For example in aquatic beetles, salinity tolerance and desiccation tolerance vary 
across taxa (Pallarés et al., 2015) and co-occur or operate via similar mechanisms in hyper-tolerant 
species (Pallarés et al., 2016).  These traits appear to have evolved multiple times across different 
lineages, but are generally associated with times of global aridification (Arribas et al., 2014).  
Similar narratives are likely to apply in GAB springs systems.  The isolation of populations, even 
within the same complex, allows mutations associated with drift or local adaptation to spread 
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through populations quickly (Colgan & Ponder, 1994; Murphy et al., 2015a).  Given that springs 
species often occupy many springs, each population can be considered as a separate evolutionary 
“experiment”. Springs fluctuate considerably in size, depth and salinity whilst still providing 
permanent aquatic habitats.  Such fluctuations are likely to create environmental selective forces – 
dry times will see springs shrink, exposing diminishing populations to higher salinities and more 
frequent desiccation (Figure 7-6).  This is likely to cause mortality in susceptible individuals, and 
create bottlenecks that could result in the traits of more tolerant individuals spreading easily across 
the population once the dry spell ends.  However the probability of traits conferring salinity or 
desiccation tolerance occurring, populations containing those traits surviving to later disperse to 
other springs, and such dispersal events resulting in their return to sympatry with closely related 
species without the full introgression of tolerant traits is undoubtedly low.  This potentially 
explains why so few species have evolved such traits, and emphasises the uniqueness of the 
tolerant species. 
 
Figure 7-4.  Mass mortalities of endemic snails in shallow areas of springs on Edgbaston in the November sampling 
period when spring tails had retracted (left), which were later recolonised by snails when the water returned. 
 
 
Implications and recommendations for the conservation of GAB springs 
In recent years, threats to groundwater systems (Famiglietti, 2014) and the diverse array of species 
that rely on them (Boulton, 2005; Danielopol et al., 2003) have been highlighted as issues of great 
global concern.  The GAB is a unique groundwater system that, at present, has avoided the broad 
scale destruction and loss that has occurred in aquifers of similar sizes in arid contexts (El-Saied et 
al., 2015; Famiglietti, 2014; Powell & Fensham, 2016; Richey et al., 2015).  The national 
acknowledgement of the severe biological losses that occurred in the last 200 years (Fairfax & 
Fensham, 2002, 2003), and the pertinent threats that remained in the system, culminated in 2001 
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with the protection of species reliant on GAB springs as a “threatened community” (Fensham et al., 
2010). Some biodiversity hotspots survived the loss of approximately 20% of spring complexes 
across the basin, six of which have been integrated into protected areas (Chapter 2).  Twenty-five 
years of dedicated efforts at a basin-wide scale incorporating conventional taxonomy and molecular 
methods have resulted in the description of species that are new to science and endemic to GAB 
springs at a rate of approximately two species per year (Figure 1-3).  Additional threatened species 
listing has been used to provide protection where needed, and guides dedicated science and 
management that, for some of the systems most vulnerable species like the Red-finned Blue-eye 
(Wager & Unmack, 2004), guarantees their persistence in the face of critical threats (Faulks et al., 
2016; Fensham, et al., 2006; Kerezsy & Fensham, 2013).  However, the data presented in this 
thesis emphasizes that, despite this substantial progress, there are still considerable problems we 
must engage with to guarantee the conservation of the full diversity in the GAB springs threatened 
community.  
 
Diversity in the GAB discharge springs system is composed of many different types of species with 
different vulnerabilities: broadly distributed species do not rely on springs but use them, isolated 
populations of coastal species rely on springs in remote parts of their range, and highly specialised 
species endemic to the system will become extinct if we loose springs (Fensham et al., 2011).  
Whilst the system is currently protected under a blanket listing of the “threatened community” that 
includes all taxa, the unique and habitat specific species endemic to GAB springs will be most 
affected if GAB spring habitat is lost or compromised due to habitat loss, disturbance and the 
encroachment of invasive species. This thesis emphasises that the majority of species endemic to 
springs occupy an area of <20km2 (Table 7-1).  Diversity of endemic species currently assessable at 
a basin-wide scale is concentrated in 25 of the 326 persisting spring complexes (Chapter 2).  
Spatial restrictions even apply to broadly distributed species – for example, of the invertebrate taxa 
assessed, 45% of broadly distributed taxa are composed of 2 or more geographically isolated clades 
(Chapter 2).  Therefore, the highly restricted and spatially concentrated nature of diversity 
exacerbates the potential effects of threatening processes. 
 
The way we estimate spatial distribution, and the information available concerning the particular 
habitat associations of each species, also affect our perception of susceptibility to extinction.  By 
way of example, no analyses of cryptic species complexes or population structure have been 
completed for the majority of species outside of Kati Thanda (Lake Eyre).  Given that most species 
for which such enquiries have been made were split into species or sub-species complexes, their 
ranges may be currently overestimates.  Also the ecological data collected in this thesis 
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demonstrates that some species not only have a small global distribution, within that area the 
amount of wetland habitat available and inhabited is miniscule (Table 7-1).  The Extent of 
Occurrence (EoO) is a common metric used for calculating geographic distribution for 
conservation evaluation (IUCN, 2012); using this method the geographic distribution of any 
species endemic to the Pelican Creek complex is 29.7km2 (Chapter 2). Within that 29.7km2, the 
actual amount of spring wetland within the complex (Chapter 4) suggests only 0.3% is habitable 
(~0.028km2).  If you then consider that no species in this study occupied all springs or areas within 
them (Chapter 4), estimates of total suitable wetland can be as little as a tenth of the total wetland 
area at Pelican Creek (0.01% of the EoO) and represents only ~3,212m2 of wetland for restricted 
species such as Glyptophysa sp. (Chapter 4 and 5).  Such restrictions on the distributions of species 
endemic to springs are likely to be common, given that so many species rely on the environmental 
stability of deep spring pools.  
 
The extremely limited distributions of species endemic to GAB springs exacerbate their 
susceptibility tot heartening processes.  Basin wide threats such as artesian draw down caused the 
loss of up to 50% of springs in some endemic species distributions (e.g. the undescribed Tateidae 
Jardinella AMS C.156780), and 24% of taxa reviewed in Chapter 2 have lost >10% of springs in 
their distribution.  This loss continues as draw down continues to cause the dormancy of springs, 
whilst localised threats with concentrated impacts (e.g. trampling by cattle) have the potential to 
affect a significant portion of a species range (Andersen et al., 2016).  These threats are likely to 
interact (Côté et al., 2016), for example in all species tested here as part of Chapter 6, 
environmental extremes caused mortalities sooner in summer and in individuals from populations 
that persist under higher average conductivity.  Such synergistic effects will have exacerbated 
consequences for arid zone freshwater biodiversity because of the role springs play as refugia in 
arid landscapes (Davis et al., 2013; Noble et al., 1998; Smerdon et al., 2012).  Although there is 
legislative protection for the “community” of species in springs, all chapters of this thesis build an 
image of the pertinent threats invertebrates face, and the inadequacies of current threatened species 
listing to protect them. In order to better conserve the invertebrates, which represent the majority of 
species endemic to this system, we need to work to remedy the lack of species-level endangered 
species listing (either under IUCN or the EPBC).  
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Table 7-1.  A summary of the environmental limits and the area of occupied wetland calculated with these limits in mind (in kms) at three different 
scales of the six species of snail endemic to Pelican Creek springs studied in detail part of this thesis, across three scales - across springs within the 
limits of their distribution, across environmentally dissimilar areas within individual springs, and the lethal limits in the face of environmental variance 
experienced within springs.  At the supergroup scale, Frequency of Occurrence (how many complexes are occupied, FoO) and Area of Occupancy (the 
area within a polygon around the springs, AoO) and an estimate of the total amount of wetland area within that.  At a complex scale, the number of 
springs occupied by each species (and as a percentage), and the minimum limit of environmental variables of significance.  At a within spring scale, 
the minimum limit of the 75th percentile of occupied quadrats of environmental variables of importance as well as the general type of distribution 
within springs (P=pool only, T=tail only P(T)=higher abundance in pool but occupies tail).  For any species that was restricted to the pool, a corrected 
area of occupied spring wetland was calculated using the pool areas of all occupied springs instead of the total spring area. 
 
 Supergroup scale  Complex scale  Within spring scale 
 
FoO AoO (km2) 
Total 
wetland 
area 
(km2) 
 
# 
springs 
(as a 
%) 
Spring 
size 
(m2) 
Pool 
size 
& 
depth 
Area of 
occupiable 
spring 
wetland 
(km2) 
Area of 
occupied 
spring 
wetland 
(km2) 
 
Cond. 
(µS/cm) pH 
Dept
h 
(cm) 
Type 
Corrected 
area of 
occupied 
spring 
wetland 
(km2) 
Tateidae                
J. acuminata 1 29.7 0.09  11 (13%) >1000 
>5m2 
>5cm 0.07 0.04 
 <1500 <8.5 >0.8 P 0.004 
J. jesswiseae 1 29.7 0.09  25 (29%) >100 
>0m2 
>1cm 0.08 0.07 
 <1500 <8.5 >0.8 P(T) 0.07 
J. edgbastonensis 1 29.7 0.09  31 (36%) >1 
≥0m2 
≥0cm 0.09 0.05 
 <2000 <9 >0.1 T 0.05 
Planorbidae                
Glyptophysa sp. 1 29.7 0.09 
 
5 
(6%) >1000 
>10m
2 
>10c
m 
0.05 0.03 
 
<1500 <8.5 >1 P 0.003 
Gy. edgbastonensis 1 29.7 0.09  10 (13%) >100 
>5m2 
>5cm 0.08 0.03 
 <1500 <8.5 >1 P 0.003 
Bithyniidae                
Ga. fontana 1 29.7 0.09  12 (13%) >100 
>5m2 
>5cm 0.08 0.03 
 <2000 <9 >0.5 P(T) 0.03 
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One of the other major conclusions of this thesis is that invertebrate taxa are the most diverse 
component of the threatened community, but they are also the most vulnerable. They generally 
have the narrowest distributions, and dispersal and environmental limitations combine for many 
species to restrict them to tiny areas of habitat.  They represent a diverse range of unique 
evolutionary narratives documenting the quaternary changes in our continent, and present examples 
of evolution in action by epitomising the evolutionary consequences of restrictions on gene flow 
and environmental forcing for diversification as a process (Colgan & Ponder, 1994, 2000; Gotch et 
al., 2008; Murphy et al., 2009; Murphy et al., 2013;  Ponder, 1995; Ponder et al., 1995).  Yet, they 
are least represented in threatened species legislation, and have the highest data deficiency of all 
taxa in the system.  Despite the fact that many face the same threatening processes as more 
charismatic fauna like fishes (e.g. predation by invasive fauna (Clifford et al., 2013)), no species of 
endemic GAB invertebrate has been assessed or listed as endangered.  This is a global problem for 
conservation (Cardoso et al., 2011), and particularly for freshwater systems where endemic 
invertebrates with restricted distributions make up the majority of biodiversity (Strayer, 2006).  In 
many systems including springs (Benke et al., 2011; Hershler et al., 2014; Ponder, 1994; Ponder & 
Walker, 2003), rates of extinction in the molluscs are highlighted as particularly concerning (Kay, 
1995).  In a first attempt to remedy this, I present here a re-evaluation of all invertebrate taxa 
endemic to springs using the IUCN criteria and the Australian national threatened species 
evaluation framework within the EPBC (Appendix 7-1). 
 
The conservation of GAB springs and the fauna and flora within them, and the study of their 
evolution and ecology represent a unique opportunity.  We have the opportunity to conserve one of 
the world’s vastest aquifers, which has fed thousands of springs spanning thousands of kilometres 
for at least 750,000 years (Prescott & Habermehl, 2008).  This opportunity is made all the more 
pertinent, and the springs all the more valuable, because globally groundwater systems and the 
ecosystems that rely on them are one of the most threatened (Famiglietti, 2014) and under-
conserved (Danielopol et al., 2003).  Australia’s GAB springs are valuable because they are nodes 
of life – they are vital permanent water in a landscape renowned for water impermanence that 
house a huge number of unique species found nowhere else, and support rural communities and 
industries.  They are valuable because they are refuges for future worlds - change is inevitable, 
however springs provided refuges when the climate dried in the past (Murphy et al., 2015a), and 
they’ll do so again if we can ensure they remain in the future (Davis et al., 2013; Davis et al., 
2017).  Finally, they are valuable because they are repositories of knowledge in many forms – 
whether that be cultural knowledge in the form of Songlines (Ah Chee, 1995) or colonial history 
(Harris, 1992), or the biological and ecological knowledge we gain by studying relict fauna or by 
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understanding the diverse consequences of evolutionary processes on a diverse array of different 
taxa living in the same system.  Only by listening to the land, and learning from our mistakes, can 
we hope to seize this opportunity. 
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Appendix 2-1.  Phylogeny used for calculation of phylogenetic diversity (PD) and 
phylogenetic endemism (PE).  See Table 2-4, at the end of this chapter, for explanation of 
taxon codes. 
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s t
ha
t h
av
e 
be
en
 id
en
tif
ie
d 
m
os
t a
re
 c
om
m
on
 in
 o
th
er
 w
at
er
w
ay
s. 
 A
 la
ck
 o
f s
tu
di
es
 a
cr
os
s t
he
 b
as
in
 a
nd
 a
 g
en
er
al
 la
ck
 o
f 
en
de
m
is
m
 m
ea
ns
 th
is
 g
ro
up
 w
er
e 
ex
cl
ud
ed
. 
Ed
gb
as
to
n 
(a
bu
nd
an
t a
nd
 
di
ve
rs
e)
 
R
os
si
ni
 p
er
s. 
ob
s. 
D
al
ho
us
ie
 
Po
nd
er
 1
98
6 
Fi
sh
es
 
La
ke
 E
yr
e 
(C
ra
te
ro
ce
ph
al
us
 e
yr
es
ii)
 
Pe
rs
. C
om
s:
  
D
r. 
Pe
te
r U
nm
ac
k,
 
D
r. 
A
da
m
 K
er
es
zy
 
Th
e 
Sp
an
gl
ed
 P
er
ch
 (L
. u
ni
co
lo
r)
 is
 e
xc
lu
de
d,
 a
s i
t i
s n
ot
 e
nd
em
ic
 to
 sp
rin
gs
.  
A
ll 
fis
he
s p
re
vi
ou
sl
y 
in
cl
ud
ed
 in
 th
e 
lis
t o
f e
nd
em
ic
 sp
ec
ie
s a
re
 in
cl
ud
ed
 h
er
e 
ex
ce
pt
 fo
r t
w
o 
sp
ec
ie
s o
f H
ar
dy
he
ad
 (C
. e
yr
es
ii 
an
d 
th
e 
un
de
sc
rib
ed
 
sp
ec
ie
s f
ro
m
 M
yr
os
s)
.  
Th
es
e 
tw
o 
sp
ec
ie
s w
er
e 
ex
cl
ud
ed
 fo
llo
w
in
g 
th
e 
ad
vi
ce
 o
f t
he
 c
on
su
lte
d 
ex
pe
rts
 w
ho
 a
rg
ue
d 
th
at
 th
e 
ex
te
nt
 o
f r
eg
io
na
l e
nd
em
is
m
 p
re
vi
ou
sl
y 
su
gg
es
te
d 
w
ith
in
 C
ra
te
ro
ce
ph
al
us
 w
as
 n
ot
 w
el
l s
up
po
rte
d 
by
 re
ce
nt
 
st
ud
ie
s. 
B
ar
ca
ld
in
e 
(C
ra
te
ro
ce
ph
al
us
 sp
. f
ro
m
 
M
yr
os
s)
 
 
N
um
er
ou
s l
oc
at
io
ns
  
(L
ei
op
ot
he
ra
po
n 
un
ic
ol
or
) 
 
D
ec
ap
od
 
cr
us
ta
ce
an
s 
La
ke
 E
yr
e 
(C
ar
id
in
a 
sp
.) 
Pa
ge
 e
t a
l. 
20
05
 
Th
e 
ta
xo
no
m
y 
of
 C
ar
id
in
a 
w
ith
in
 A
us
tra
lia
 is
 g
en
er
al
ly
 p
oo
rly
 re
so
lv
ed
 th
ou
gh
 th
er
e 
is
 st
ro
ng
 e
vi
de
nc
e 
th
at
 C
. 
th
er
m
op
hi
la
 is
 e
nd
em
ic
 to
 sp
rin
gs
 a
nd
 is
 n
ot
 th
e 
sa
m
e 
as
 a
 c
ur
re
nt
ly
 u
nd
es
cr
ib
ed
 sp
ec
ie
s f
ro
m
 L
ak
e 
Ey
re
 (P
ag
e 
et
 
al
. 2
00
5)
.  
Th
es
e 
ta
xa
 h
av
e 
be
en
 e
xc
lu
de
d 
as
 (P
on
de
r e
t a
l. 
20
10
) a
rg
ue
 th
er
e 
is
 n
ot
 c
ur
re
nt
ly
 e
no
ug
h 
ev
id
en
ce
 to
 
su
gg
es
t i
t i
s e
nd
em
ic
. 
B
ar
ca
ld
in
e 
(C
ar
id
in
a 
th
er
m
op
hi
la
) 
Po
nd
er
 e
t a
l. 
20
10
 
 
La
ke
 E
yr
e 
(C
he
ra
x 
sp
.) 
So
ko
l 1
98
7 
Y
ab
bi
es
 fr
om
 D
al
ho
us
ie
 h
av
e 
a 
di
ff
er
en
t m
or
ph
ol
og
y 
fr
om
 C
he
ra
x 
de
st
ru
ct
or
 (a
 b
ro
ad
ly
 d
is
tri
bu
te
d 
ar
id
-z
on
e 
sp
ec
ie
s)
 a
nd
 re
se
m
bl
e 
a 
m
or
e 
an
ce
st
ra
l f
or
m
.  
H
ow
ev
er
, S
ok
ol
 (1
98
7)
 w
as
 u
ns
ur
e 
w
he
th
er
 th
is
 m
or
ph
ol
og
ic
al
 
di
ff
er
en
ce
 w
as
 a
 re
sp
on
se
 to
 th
e 
ex
tre
m
e 
en
vi
ro
nm
en
t (
i.e
. m
or
ph
ol
og
ic
al
 p
la
st
ic
ity
 w
ith
in
 C
. d
es
tr
uc
to
r)
.  
R
os
si
ni
 
ha
s o
bs
er
ve
d 
C
he
ra
x 
at
 E
dg
ba
st
on
 b
ut
 th
es
e 
ha
ve
 n
ot
 b
ee
n 
an
al
ys
ed
 in
 a
ny
 w
ay
.  
C
he
ra
x 
ya
bb
ie
s f
ro
m
 sp
rin
gs
 w
er
e 
ex
cl
ud
ed
 d
ue
 to
 th
e 
un
ce
rta
in
ty
 in
 S
ok
ol
’s
 (1
98
7)
 a
na
ly
si
s a
nd
 a
 la
ck
 o
f a
ny
 o
th
er
 d
at
a 
re
ga
rd
in
g 
th
e 
gr
ou
p.
 
B
ar
ca
ld
in
e 
(C
he
ra
x 
sp
.) 
R
os
si
ni
 p
er
s. 
ob
s. 
 
20
8
17
6
 
16
4 
  
…
co
nt
 
T
ax
on
om
ic
 
gr
ou
p 
Su
pe
rg
ro
up
 a
nd
 ta
xa
 
So
ur
ce
 
Su
m
m
ar
y 
an
d 
ju
st
ifi
ca
tio
n 
fo
r 
ex
cl
us
io
n 
fr
om
 th
e 
re
vi
ew
 
M
ic
ro
-c
ru
st
ac
ea
ns
 
 
 
 
O
st
ra
co
ds
 
La
ke
 E
yr
e 
(N
ga
ra
w
a 
di
rg
a)
 
an
d 
ot
he
rs
 
D
e 
D
ec
kk
er
 1
97
9 
O
nl
y 
on
e 
sp
ec
ie
s o
f e
nd
em
ic
 o
st
ra
co
d 
ha
s b
ee
n 
de
sc
rib
ed
 (D
e 
D
ec
kk
er
 1
97
9)
, b
ut
 e
xp
er
ts
 h
av
e 
fla
gg
ed
 p
ut
at
iv
e 
en
de
m
ic
 sp
ec
ie
s f
ro
m
 b
et
te
r-
kn
ow
n 
co
m
pl
ex
es
, s
om
e 
of
 w
hi
ch
 m
ay
 b
e 
fr
om
 n
ew
 g
en
er
a 
or
 fa
m
ili
es
 (P
on
de
r e
t a
l. 
20
10
). 
 U
nf
or
tu
na
te
ly
, d
ue
 to
 th
e 
hi
gh
 p
ro
po
rti
on
 o
f u
nd
es
cr
ib
ed
 sp
ec
ie
s a
nd
 b
ia
se
s i
n 
sa
m
pl
in
g 
to
w
ar
d 
a 
fe
w
 
co
m
pl
ex
es
 th
e 
os
tra
co
ds
 h
av
e 
be
en
 e
xc
lu
de
d 
fr
om
 th
is
 re
vi
ew
. 
B
ar
ca
ld
in
e 
(~
 2
 sp
ec
ie
s)
 
Po
nd
er
 e
t a
l. 
20
10
 
 
D
al
ho
us
ie
 
Po
nd
er
 1
98
6 
 
C
la
do
ce
ra
ns
 &
 
C
op
ep
od
s 
La
ke
 E
yr
e 
(o
ne
 sp
ec
ie
s o
f 
cl
ad
oc
er
an
) 
M
itc
he
ll 
19
85
 
B
ot
h 
of
 th
es
e 
ex
te
ns
iv
e 
gr
ou
ps
 o
f f
au
na
 h
av
e 
be
en
 fo
un
d 
in
 sp
rin
gs
 th
at
 h
av
e 
be
en
 sa
m
pl
ed
 in
te
ns
iv
el
y.
  P
on
de
r e
t 
al
. (
20
10
) a
rg
ue
 m
os
t s
pe
ci
es
 a
re
 p
ro
ba
bl
y 
no
t s
pr
in
g 
en
de
m
ic
s b
ut
 a
t l
ea
st
 tw
o 
ta
xa
 th
at
 h
av
e 
be
en
 fl
ag
ge
d 
as
 
pu
ta
tiv
e 
en
de
m
ic
s. 
 H
ow
ev
er
, a
s t
hi
s g
ro
up
 a
re
 n
o 
do
ub
t d
iv
er
se
 a
nd
 m
uc
h 
m
or
e 
br
oa
dl
y 
di
st
rib
ut
ed
 in
 sp
rin
gs
 o
th
er
 
th
an
 L
ak
e 
Ey
re
 a
nd
 B
ar
ca
ld
in
e 
th
ey
 h
av
e 
be
en
 e
xc
lu
de
d 
pe
nd
in
g 
fu
rth
er
 re
se
ar
ch
. 
B
ar
ca
ld
in
e 
(P
ar
ac
yc
lo
ps
 
sp
.) 
Po
nd
er
 1
98
6 
B
ar
ca
ld
in
e 
(n
um
er
ou
s 
cl
ad
oc
er
an
s a
nd
 c
op
ep
od
s)
 
Po
nd
er
 e
t a
l. 
20
10
 
A
ra
ch
ni
ds
 
 
 
 
Sp
id
er
s 
La
ke
 E
yr
e 
(9
 sp
ec
ie
s)
 
Fr
am
en
au
 e
t a
l. 
20
06
 
Th
e 
di
ve
rs
ity
 o
f w
ol
f s
pi
de
rs
 in
 sp
rin
gs
 c
an
 b
e 
qu
ite
 h
ig
h 
(F
ra
m
en
au
 e
t a
l. 
20
06
) b
ut
 n
o 
th
or
ou
gh
 su
rv
ey
s h
av
e 
be
en
 
pu
bl
is
he
d 
ou
ts
id
e 
of
 L
ak
e 
Ey
re
.  
Sp
ec
ie
s d
es
cr
ib
ed
 fr
om
 L
ak
e 
Ey
re
 a
re
 st
at
ed
 to
 o
cc
ur
 in
 w
et
la
nd
 ty
pe
s o
th
er
 th
an
 
sp
rin
gs
 so
 th
e 
sp
id
er
s h
av
e 
be
en
 e
xc
lu
de
d 
fr
om
 th
is
 re
vi
ew
.  
H
ow
ev
er
, m
or
e 
ex
te
ns
iv
e 
w
or
k 
is
 n
ee
de
d 
on
 th
e 
gr
ou
p.
 
B
ar
ca
ld
in
e 
(~
1 
sp
ec
ie
s)
 
Fe
ns
ha
m
 e
t a
l. 
20
10
 
M
ite
s 
La
ke
 E
yr
e 
(M
am
er
se
lla
 
po
nd
er
i) 
H
ar
ve
y 
19
90
 
M
ite
s f
or
m
 a
n 
ex
te
ns
iv
e 
pa
rt 
of
 th
e 
en
de
m
ic
 sp
rin
g 
fa
un
a 
in
 o
th
er
 re
gi
on
s (
Sa
ba
tin
o 
et
 a
l. 
20
03
) b
ut
 o
nl
y 
on
e 
sp
ec
ie
s (
an
d 
a 
po
te
nt
ia
l c
on
ge
ne
r)
 h
av
e 
be
en
 id
en
tif
ie
d 
as
 e
nd
em
ic
 to
 G
A
B
 sp
rin
gs
 th
us
 fa
r (
H
ar
ve
y 
19
90
). 
 A
s t
hi
s 
is
 a
 li
ke
ly
 u
nd
er
es
tim
at
e 
of
 th
e 
fu
ll 
di
ve
rs
ity
, m
ite
s h
av
e 
be
en
 e
xc
lu
de
d 
fr
om
 th
e 
re
vi
ew
. 
B
ar
ca
ld
in
e 
(M
am
er
se
lla
 
sp
.) 
Fe
ns
ha
m
 e
t a
l. 
20
10
 
Eu
lo
 (M
am
er
se
lla
 sp
.) 
Fe
ns
ha
m
 e
t a
l. 
20
10
 
Fl
at
w
or
m
s 
La
ke
 E
yr
e 
(P
ro
m
ac
ro
st
om
um
 p
al
um
) 
Sl
uy
s 1
98
6 
Sl
uy
s a
nd
 c
ol
le
ag
ue
s h
av
e 
co
nd
uc
te
d 
si
gn
ifi
ca
nt
 in
ve
st
ig
at
io
ns
 in
to
 th
e 
Pl
an
ar
ia
n 
fa
un
a 
in
 sp
rin
gs
.  
Th
re
e 
sp
ec
ie
s 
kn
ow
n 
to
 b
e 
en
de
m
ic
 to
 sp
rin
gs
 a
nd
 to
 b
e 
ta
xo
no
m
ic
al
ly
 d
is
tin
ct
iv
e 
w
ith
in
 th
e 
A
us
tra
lia
n 
fa
un
a 
ha
ve
 b
ee
n 
de
sc
rib
ed
.  
Th
ey
 h
av
e 
no
t b
ee
n 
in
cl
ud
ed
 in
 th
is
 re
vi
ew
 b
ec
au
se
 b
ro
ad
-s
ca
le
 sa
m
pl
in
g 
ou
ts
id
e 
of
 th
ei
r t
yp
e 
lo
ca
lit
ie
s 
ap
pe
ar
s t
o 
be
 ra
re
, m
ea
ni
ng
 th
at
 e
st
im
at
es
 o
f t
he
ir 
ra
ng
e 
m
ay
 n
ot
 b
e 
ac
cu
ra
te
. 
B
ar
ca
ld
in
e 
(D
ug
es
ia
 
ar
te
si
an
a)
 
Sl
uy
s e
t a
l. 
20
07
 
Eu
lo
 (W
ei
ss
iu
s 
ca
pa
ci
du
ct
us
) 
Sl
uy
s e
t a
l. 
20
07
 
O
lig
oc
ha
et
es
 
B
ar
ca
ld
in
e 
(e
rp
ob
de
lli
d 
an
d 
gl
os
si
ph
on
iid
 le
ec
he
s)
 
Po
nd
er
 e
t a
l. 
20
10
 
Th
is
 is
 th
e 
on
ly
 re
fe
re
nc
e 
to
 le
ec
he
s i
n 
G
A
B
 sp
rin
gs
 th
ou
gh
 m
en
tio
n 
of
 o
lig
oc
ha
et
es
 a
nd
 th
ei
r d
iv
er
si
ty
 in
 g
en
er
al
 
ar
e 
m
ad
e 
in
 P
on
de
r (
19
86
) a
nd
 P
on
de
r e
t a
l. 
(2
01
0)
 a
nd
 th
er
e 
ar
e 
en
de
m
ic
s i
n 
ot
he
r r
eg
io
ns
 (B
lin
n 
20
08
). 
 T
hi
s 
gr
ou
p 
is
 e
xc
lu
de
d 
du
e 
to
 a
 se
ve
re
 la
ck
 o
f d
at
a.
 
In
se
ct
s 
La
ke
 E
yr
e 
(u
p 
to
 4
8 
sp
ec
ie
s)
 
G
re
en
sl
ad
e 
19
85
 
In
se
ct
 d
iv
er
si
ty
 is
 h
ig
h 
in
 sp
rin
gs
 b
ut
 d
ue
 to
 th
ei
r b
ro
ad
 d
is
pe
rs
al
 c
ap
ab
ili
tie
s f
ew
 a
re
 o
r a
re
 e
xp
ec
te
d 
to
 b
e 
en
de
m
ic
 
(P
on
de
r e
t a
l. 
20
10
). 
 S
om
e 
ex
ce
pt
io
ns
 a
re
 a
 p
ut
at
iv
e 
en
de
m
ic
 d
ra
go
nf
ly
 fr
om
 E
dg
ba
st
on
 (P
on
de
r e
t a
l. 
20
10
) a
nd
 a
 
di
ve
rs
e 
ra
ng
e 
of
 c
ad
di
s f
lie
s w
hi
ch
 a
re
 a
 la
rg
e 
co
m
po
ne
nt
 o
f s
pr
in
gs
 fa
un
as
 in
 o
th
er
 re
gi
on
s (
Pa
ul
s e
t a
l. 
20
09
). 
B
ar
ca
ld
in
e 
(w
id
e 
di
ve
rs
ity
 
of
 sp
ec
ie
s, 
pu
ta
tiv
e 
en
de
m
ic
 N
an
no
ph
ya
 sp
, 
H
el
ly
et
hi
ra
 a
nd
 H
em
ip
te
ra
) 
Po
nd
er
 e
t a
l. 
20
10
 
 
 
 
 
20
9
17
7
 
16
5 
   Re
fe
re
nc
es
 
B
lin
n 
D
.W
. (
20
08
). 
Th
e 
Ex
tre
m
e 
En
vi
ro
nm
en
t, 
Tr
op
hi
c 
st
ru
ct
ur
e,
 a
nd
 E
co
sy
st
em
 D
yn
am
ic
s o
f a
 L
ar
ge
 F
is
hl
es
s d
es
er
t S
pr
in
g 
(M
on
te
zu
m
a 
W
el
l, 
A
riz
on
a)
. A
ri
dl
an
d 
Sp
ri
ng
s 
in
 N
or
th
 A
m
er
ic
a;
 E
co
lo
gy
 a
nd
 C
on
se
rv
at
io
n.
 L
.E
. S
te
ve
ns
 a
nd
 V
.J.
 M
er
et
sk
y.
 T
uc
so
n,
 T
he
 U
ni
ve
rs
ity
 o
f A
riz
on
a 
Pr
es
s:
 9
8-
12
6.
 
C
an
to
na
ti 
M
., 
A
ng
el
i N
., 
B
er
tu
zz
i E
., 
Sp
ita
le
 D
. &
 L
an
ge
-B
er
ta
lo
t H
. (
20
12
). 
D
ia
to
m
s i
n 
sp
rin
gs
 o
f t
he
 A
lp
s:
 sp
rin
g 
ty
pe
s, 
en
vi
ro
nm
en
ta
l d
et
er
m
in
an
ts
, a
nd
 su
bs
tra
tu
m
. 
Fr
es
hw
at
er
 S
ci
en
ce
 3
1:
 4
99
-5
24
. 
D
e 
D
ec
kk
er
 P
. (
19
79
). 
O
st
ra
co
ds
 fr
om
 th
e 
m
ou
nd
 sp
rin
gs
 a
re
a 
be
tw
ee
n 
St
ra
ng
w
ay
s a
nd
 C
ur
di
m
ur
ka
, S
ou
th
 A
us
tra
lia
. T
ra
ns
ac
tio
ns
 o
f t
he
 R
oy
al
 S
oc
ie
ty
 o
f S
ou
th
 A
us
tr
al
ia
 
10
3:
 1
55
-1
68
. 
Fe
ns
ha
m
 R
., 
Po
nd
er
 W
. &
 F
ai
rf
ax
 R
. (
20
10
). 
R
ec
ov
er
y 
pl
an
 fo
r t
he
 c
om
m
un
ity
 o
f n
at
iv
e 
sp
ec
ie
s d
ep
en
da
nt
 o
n 
na
tu
ra
l d
is
ch
ar
ge
 o
f g
ro
un
dw
at
er
 fr
om
 th
e 
G
re
at
 A
rte
si
an
 
B
as
in
. W
. R
ep
or
t t
o 
th
e 
D
ep
ar
tm
en
t o
f E
nv
iro
nm
en
t, 
H
er
ita
ge
 a
nd
 th
e 
A
rts
, C
an
be
rr
a.
 Q
ue
en
sl
an
d 
D
ep
ar
tm
en
t o
f E
nv
iro
nm
en
t a
nd
 R
es
ou
rc
e 
M
an
ag
em
en
t. 
Fr
am
en
au
 V
.W
., 
G
ot
ch
 T
.B
. &
 A
us
tin
 A
.D
. (
20
06
). 
Th
e 
w
ol
f s
pi
de
rs
 o
f a
rte
si
an
 sp
rin
gs
 in
 a
rid
 S
ou
th
 A
us
tra
lia
, w
ith
 a
 re
va
lid
at
io
n 
of
 T
et
ra
ly
co
sa
 (A
ra
ne
ae
, L
yc
os
id
ae
). 
Jo
ur
na
l o
f A
ra
ch
no
lo
gy
 3
4:
 1
-3
6.
 
G
re
en
sl
ad
e 
P.
 (1
98
5)
. T
er
re
st
ria
l i
nv
er
te
br
at
es
 o
f t
he
 m
ou
nd
 sp
rin
gs
, b
or
es
, c
re
ek
 b
ed
s a
nd
 o
th
er
 h
ab
ita
ts
. S
ou
th
 A
us
tra
lia
's 
M
ou
nd
 S
pr
in
gs
. J
. G
re
en
sl
ad
e,
 L
. J
os
ep
h 
an
d 
A
. 
R
ee
ve
s. 
A
de
la
id
e,
 N
at
ur
e 
C
on
se
rv
at
io
n 
So
ci
et
y 
of
 S
ou
th
 A
us
tra
lia
 In
c:
 6
4 
- 7
7.
 
H
ar
ve
y 
M
.S
. (
19
90
). 
A
 re
vi
ew
 o
f t
he
 w
at
er
 m
ite
 fa
m
ily
 A
ni
si
ts
ie
lli
da
e 
in
 A
us
tra
lia
 (A
ca
rin
a)
. I
nv
er
te
br
at
e 
Sy
st
em
at
ic
s 3
: 6
29
-6
46
. 
K
in
hi
ll 
(1
99
7)
. O
ly
m
pi
c 
D
am
 E
xp
an
si
on
 P
ro
je
ct
 E
nv
iro
nm
en
ta
l I
m
pa
ct
 S
ta
te
m
en
t. 
Pr
ep
ar
ed
 fo
r W
M
C
 (O
ly
m
pi
c 
D
am
 C
or
po
ra
tio
n)
 P
ty
 L
td
 b
y 
K
in
hi
ll 
En
gi
ne
er
s P
ty
 L
td
. 
Li
ng
 H
.U
. (
19
89
). 
M
ic
ro
-a
lg
ae
. N
at
ur
al
 H
is
to
ry
 o
f D
al
ho
us
ie
 S
pr
in
gs
. W
. Z
ei
dl
er
 a
nd
 W
. F
. P
on
de
r. 
A
de
la
id
e,
 S
ou
th
 A
us
tr
al
ia
n 
M
us
eu
m
: 4
7 
- 5
2.
 
M
itc
he
ll 
B
. (
19
85
). 
Li
m
no
lo
gy
 o
f m
ou
nd
 sp
ri
ng
s a
nd
 te
m
po
ra
ry
 p
oo
ls
 so
ut
h 
an
d 
w
es
t o
f L
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Appendix	2-3.		Additional	results	of	clustering	analyses	to	determine	if	the	species	found	in	each	complex	are	dissimilar.			This	appendix	contains	two	figures,	each	with	a	figure	legend	provided	below.		
	
Figure	A2-3.1.		A	compound	figure	combining	the	final	dendrogram	clustering	the	75	spring	complexes	that	contained	endemic	species	based	on	the	similarities	in	the	suite	of	species	at	each	complex.		The	group	number	assigned	to	each	complex	is	displayed	at	the	end	of	each	branch,	as	well	as	the	supergroup	affinity	and	complex	code	(see	Table	2-5	for	complex	details).		The	similarity	between	complexes	is	displayed	as	a	heat	map,	showing	pair-wise	comparisons	of	each	complex.		Red	boxes	denote	highly	similar	complexes,	light	yellow	boxes	denote	highly	dissimilar	complexes.			
	 	
211178
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Figure	A2-3.2.	The	presence	of	taxa	endemic	to	GAB	springs	as	identified	by	this	review	at	each	of	the	75	complexes.		Complexes	are	labelled	with	their	group	number	(see	Figure	A2-3.1),	and	the	presence	of	each	taxa	is	denoted	by	a	green	box.	
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 b
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s m
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 b
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  L
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m
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 re
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 c
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 re
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ra
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 p
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 b
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m
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 c
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 re
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 p
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 m
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 c
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 re
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 b
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e 
sp
rin
g.
 T
ho
se
 sa
m
pl
in
g 
th
is
 g
ro
up
 w
ou
ld
 b
en
ef
it 
fr
om
 re
fin
in
g 
m
et
ho
ds
 fo
r s
am
pl
in
g 
ad
ul
ts
 a
s w
el
l a
s l
ar
va
e.
 
Tu
bi
fin
id
ae
 
C
or
e 
C
or
e 
M
O
D
 
L 
C
or
e-
B
ot
h 
--
> 
0.
50
 
M
O
D
 
LO
W
 
2 
(0
,1
0)
 
 
C
om
m
on
 a
cr
os
s s
am
pl
es
 a
nd
 m
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os
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s b
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 m
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 m
os
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R
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w
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 e
xi
st
, b
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 m
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so
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 p
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de
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 la
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 sh
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 b
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s o
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, b
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 m
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el
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va
ria
bl
e 
so
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sa
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pl
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 p
oo
ls
 re
co
m
m
en
de
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 b
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pe
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m
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s d
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f d
iff
er
en
t s
pr
in
gs
 so
 it
 
is
 re
co
m
m
en
de
d 
th
at
 a
 la
rg
e 
nu
m
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 b
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Small geographic 
distribution
Extinction of springs 
at the designated % 
as evidence of 
decline in area of 
occupancy
Human modification 
to springs at the 
given % (if its in 
multiple complexes, 
the % of complexes 
that score over 0.5)
Introduced aquatic 
flora or fauna present 
in X% of species 
range AND focal 
species deemed 
'vulnerable' to them % of complex in which threat 
exposure for 'animal 
disturbance' at occupied 
complex is >0.5 AND is 
outside of conservation 
management
Extent of occurrence 
measured as the area 
within the minimum 
bounding polygon is X
Severley low 
number of 
locations
AND/OR very 
few springs 
available
Scored more than 0.3 
for groundwater 
drawn down (i.e. 
above average) in 
more than 50% of 
occupied complexes
Introduced taxa 
present in species 
range and focal 
species deemed 
'vulnerable' to them 
Anywhere where 
animal disturbance 
scored more than 0.5 
in >50% of 
occurences are outside 
of conservation = Y
Current 
IUCN 
listing
Rec IUCN
Classified 
EPBC
Rec. 
EPBC
CE >80
CE >80
CE >80
CE >80
CE <100mk2
CE 1
CE <10
E >70
E >70
E >70
E >70
E <5000km2
E <=5
E <20
V >50
V >50
V >50
V >50
V <20,000km2
V <=10
V <50
Arabunnachiltonia murphyi
-
-
-
CE
CE
E
-
Y
-
Y
NE
E (A1c, B1, B2bc)
E
V
Arthritica sp. AM
S C.449156
-
V
-
CE
CE
E
-
Y
Y
Y
NE
E (A1ce, B1, B2bc)
CE
E
Austrochiltonia dalhousiensis sub.sp. dalhousiensis
-
-
V
-
CE
CE
-
Y
Y
-
NE
V (B1, B2b, D2)
CE
V
Austrochiltonia n.sp. (North Eyre)
-
-
-
CE
CE
V
-
-
-
Y
NE
V (B1, B2b, D2)
V
V
Austrochiltonia n.sp. AM
SP68165
-
V
V
V
CE
E
-
-
Y
Y
NE
E (A1ce, B1, B2bc)
E
V
Austrochiltonia sp. AM
S P68160
-
-
CE
CE
CE
CE
E
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Austropyrgus centralia
-
-
V
-
CE
CE
-
Y
Y
-
LC
V (B1, B2b, D2)
CE
V
Caldicochlea globosa
-
-
V
-
CE
CE
-
Y
Y
-
LC
V (B1, B2b, D2)
CE
V
Caldicochlea harrisi
-
-
V
-
CE
CE
-
Y
Y
-
LC
V (B1, B2b, D2)
CE
V
Edgbastonia allanwilsi
-
-
CE
CE
CE
CE
-
-
Y
Y
NE
EN (A1ce, B1abc)
CE
E
Fonscochlea accepta
-
-
-
CE
CE
-
-
Y
-
Y
V
V (D2)
CE
V
Fonscochlea aquatica
-
-
-
V
CE
-
-
Y
-
Y
EN
EN (B2ab)
CE
V
Fonscochlea aquatica Clade A
-
-
CE
CE
CE
E
-
Y
Y
Y
NE
-
CE
E
Fonscochlea aquatica Clade B
-
-
-
CE
CE
V
-
Y
-
Y
NE
-
CE
V
Fonscochlea aquatica Clade C
-
-
-
CE
CE
E
-
Y
Y
Y
NE
-
CE
E
Fonscochlea aquatica Clade D
-
-
-
-
CE
-
-
-
-
-
NE
-
CE
-
Fonscochlea billakalina
-
-
-
CE
CE
E
-
Y
-
Y
EN
EN (A1ce, B1abc)
CE
E
Fonscochlea expandolabra
-
-
V
CE
CE
V
-
Y
Y
Y
NE
V (A1ce, B1, B2abc)
CE
V
Fonscochlea expandolabra clade A
-
-
CE
CE
CE
E
-
Y
Y
Y
NE
-
CE
E
Fonscochlea expandolabra clade B
-
-
-
CE
CE
V
-
Y
Y
Y
NE
-
CE
V
Fonscochlea variabilis
-
-
-
-
CE
-
-
-
Y
Y
NE
V (D2)
CE
-
Fonscochlea variabilis Clade A
-
-
-
-
CE
CE
E
-
-
-
NE
-
-
-
Fonscochlea variabilis Clade B
-
-
-
-
CE
-
-
-
-
-
NE
-
-
-
Fonscochlea zeidleri
-
-
-
V
CE
-
-
Y
Y
Y
NT
EN (B2ab)
CE
V
Fonscochlea zeidleri form A Clade A
V
-
-
CE
CE
CE
-
Y
Y
Y
NE
-
CE
E
Fonscochlea zeidleri form B Clade B
-
-
-
CE
CE
V
-
Y
-
Y
NE
-
CE
V
Fonscochlea zeidleri form A Clade C
-
-
-
CE
CE
-
-
Y
Y
Y
NE
-
CE
E
Fonscochlea zeidleri form A Clade D
-
-
-
-
CE
-
-
-
Y
-
NE
-
-
-
Fonscochlea zeidleri form A Clade E
-
-
-
CE
CE
V
-
Y
-
Y
NE
-
CE
V
Gabbia davisi
-
-
CE
CE
CE
CE
CE
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Gabbia fontana
-
-
CE
-
CE
CE
CE
-
Y
-
NE
EN (A1ce, B1abc)
CE
E
Glyptophysa n.sp.
-
-
CE
-
CE
CE
CE
-
Y
-
NE
EN (A1ce, B1abc)
CE
E
…
cont
Appendix 7-1.  A reassessment of all invertebrate taxa under the criteria provided by the Environmental Protection and Biodiveristy Conservation Act in Australia for the listing of threatened species.  Recommended listing level under the EPBC Act are provided, as well as 
under the IUCN red-list (as the categories in this assessment framework are similar).  In many cases, the level of threatened species listing recommended using the assessment is different to that which is recommended.  Recommended listings are based on current patterns of 
listing within the EPBC (i.e. highly threatened taxa such as the Red-finned Blue-eye are still only listed as Endangered). 
#1 It has undergone, is suspected to have undergone, or is likely to 
undergo in the immediate future:
#2 Its geographic distribution is precarious
Reduction in area of occupancy or 
extent of occurrence
Reduction in quality of habitat due to 
effects of introduced taxa or pollutants
Plus 2 or 3 of
172          
Small geographic 
distribution
Extinction of springs 
at the designated % 
as evidence of 
decline in area of 
occupancy
Human modification 
to springs at the 
given % (if its in 
multiple complexes, 
the % of complexes 
that score over 0.5)
Introduced aquatic 
flora or fauna present 
in X% of species 
range AND focal 
species deemed 
'vulnerable' to them % of complex in which threat 
exposure for 'animal 
disturbance' at occupied 
complex is >0.5 AND is 
outside of conservation 
management
Extent of occurrence 
measured as the area 
within the minimum 
bounding polygon is X
Severley low 
number of 
locations
AND/OR very 
few springs 
available
Scored more than 0.3 
for groundwater 
drawn down (i.e. 
above average) in 
more than 50% of 
occupied complexes
Introduced taxa 
present in species 
range and focal 
species deemed 
'vulnerable' to them 
Anywhere where 
animal disturbance 
scored more than 0.5 
in >50% of 
occurences are outside 
of conservation = Y
Current 
IUCN 
listing
Rec IUCN
Classified 
EPBC
Rec. 
EPBC
CE >80
CE >80
CE >80
CE >80
CE <100mk2
CE 1
CE <10
E >70
E >70
E >70
E >70
E <5000km2
E <=5
E <20
V >50
V >50
V >50
V >50
V <20,000km2
V <=10
V <50
Gyraulus edgbastonensis
-
-
CE
-
CE
CE
CE
-
Y
-
DD
EN (A1ce, B1abc)
CE
E
Jardinella acuminata
-
-
CE
-
CE
CE
CE
-
Y
-
E
EN (A1ce, B1abc)
CE
E
Jardinella colmani
-
-
CE
CE
CE
E
V
-
Y
Y
CE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella coreena
-
-
CE
CE
CE
CE
V
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella corrugata
-
-
CE
-
CE
CE
CE
-
Y
-
V
EN (A1ce, B1abc)
CE
E
Jardinella edgbastonensis
-
-
CE
-
CE
CE
-
-
Y
-
V
EN (A1ce, B1abc)
CE
E
Jardinella eulo
-
-
-
CE
CE
E
CE
-
-
Y
V
CE (A1ce, B1, B2bc) 
CE
E
Jardinella isolata
-
-
-
-
CE
CE
-
Y
-
-
V
EN (A1ce, B1abc)
CE
E
Jardinella jesswiseae
-
-
CE
-
CE
CE
-
-
Y
-
E
EN (A1ce, B1abc)
CE
E
Jardinella n.sp. AM
S C.156780 (sp1)
V
CE
CE
-
CE
CE
CE
-
Y
-
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella n.sp. AM
S C.400130/QM
S05 (sp2)
-
-
-
CE
CE
CE
CE
-
-
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella n.sp. AM
S C.400131/QM
S04 uncoil (sp3)
-
-
CE
CE
CE
CE
E
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella n.sp. AM
S C.400133/QM
S04 (sp4)
-
-
CE
CE
CE
CE
E
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella n.sp. AM
S C.410721 (sp5)
-
-
CE
CE
CE
CE
E
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella n.sp.AM
S C.400132/QM
S04 keel (sp6)
-
-
CE
CE
CE
CE
E
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella pallida
-
-
CE
-
CE
CE
CE
-
Y
-
E
EN (A1ce, B1abc)
CE
E
Jardinella sp. AM
S C.415845 (M
yross) (sp1)
-
-
CE
CE
CE
CE
V
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella sp. AM
S C.415845 (M
yross) (sp2)
-
-
CE
CE
CE
CE
V
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella sp. AM
S C.447677
-
-
-
CE
CE
E
E
-
-
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Jardinella zeiderorum
-
-
CE
CE
CE
CE
V
-
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Phraetochiltonia anopthalma
-
-
V
-
CE
CE
-
Y
Y
-
LC
V (A1ce, B1, B2abc)
CE
V
Phraetomerus latipes
-
-
-
CE
CE
-
-
Y
-
Y
NE
EN (A1ce, B1abc)
CE
E
Phraetomerus latipes Clade C1
-
-
-
-
CE
-
-
-
-
-
NE
-
-
-
Phraetomerus latipes Clade C2
-
-
-
CE
CE
CE
-
Y
-
Y
NE
-
CE
E
Phraetomerus latipes Clade C3
-
-
CE
CE
CE
E
-
Y
Y
Y
NE
-
CE
V
Phraetomerus latipes Clade C4
-
-
-
CE
CE
CE
-
Y
-
Y
NE
-
CE
E
Phraetomerus latipes Clade S5
-
-
-
CE
CE
E
-
Y
Y
Y
NE
-
CE
E
Phraetomerus latipes Clade S6
-
-
-
CE
CE
V
-
Y
-
Y
NE
-
CE
V
Phraetomerus latipes Clade N7
-
-
V
CE
CE
E
E
Y
Y
Y
NE
-
CE
E
Phraetomerus latipes Clade N8
-
-
-
CE
CE
E
E
Y
-
Y
NE
-
CE
E
Phraetomerus latipes Clade N9
-
-
-
CE
CE
E
-
Y
-
Y
NE
-
CE
V
Ponderiella bundoona
-
V
CE
V
CE
E
E
Y
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Ponderiella ecomanufactia
-
V
CE
V
CE
E
E
Y
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
…
cont
Reduction in area of occupancy or 
extent of occurrence
Reduction in quality of habitat due to 
effects of introduced taxa or pollutants
Plus 2 or 3 of
#1 It has undergone, is suspected to have undergone, or is likely to 
undergo in the immediate future:
#2 Its geographic distribution is precarious
173          
Small geographic 
distribution
Extinction of springs 
at the designated % 
as evidence of 
decline in area of 
occupancy
Human modification 
to springs at the 
given % (if its in 
multiple complexes, 
the % of complexes 
that score over 0.5)
Introduced aquatic 
flora or fauna present 
in X% of species 
range AND focal 
species deemed 
'vulnerable' to them % of complex in which threat 
exposure for 'animal 
disturbance' at occupied 
complex is >0.5 AND is 
outside of conservation 
management
Extent of occurrence 
measured as the area 
within the minimum 
bounding polygon is X
Severley low 
number of 
locations
AND/OR very 
few springs 
available
Scored more than 0.3 
for groundwater 
drawn down (i.e. 
above average) in 
more than 50% of 
occupied complexes
Introduced taxa 
present in species 
range and focal 
species deemed 
'vulnerable' to them 
Anywhere where 
animal disturbance 
scored more than 0.5 
in >50% of 
occurences are outside 
of conservation = Y
Current 
IUCN 
listing
Rec IUCN
Classified 
EPBC
Rec. 
EPBC
CE >80
CE >80
CE >80
CE >80
CE <100mk2
CE 1
CE <10
E >70
E >70
E >70
E >70
E <5000km2
E <=5
E <20
V >50
V >50
V >50
V >50
V <20,000km2
V <=10
V <50
Posticobia ponderi
-
-
-
-
CE
CE
CE
Y
-
-
NE
CE (A1ce, B1, B2bc) 
CE
E
Trochidrobia inflata
-
-
CE
CE
CE
E
-
Y
Y
Y
E
EN (A1ce, B1abc)
CE
E
Trochidrobia minuta
-
-
V
CE
CE
V
-
Y
Y
Y
V
V (A1ce, B1, B2abc)
CE
V
Trochidrobia punicea
-
-
-
-
CE
-
-
Y
-
Y
LC
V (A1ce, B1, B2abc)
CE
V
Trochidrobia punicea Clade A
-
-
-
-
CE
V
-
-
Y
-
NE
-
CE
-
Trochidrobia punicea Clade B
-
-
-
CE
CE
V
-
Y
-
Y
NE
-
CE
V
Trochidrobia smithii
-
-
-
E
CE
-
-
Y
-
Y
VU
V (A1ce, B1, B2abc)
CE
V
Trochidrobia smithii Clade A
-
-
-
CE
CE
V
-
Y
-
Y
NE
-
CE
V
Trochidrobia smithii Clade B
-
-
-
CE
CE
V
-
Y
-
Y
NE
-
CE
V
Trochidrobia smithii Clade C
-
-
-
-
CE
E
-
-
-
-
NE
-
-
-
Wangiannachiltonia ghania
-
-
-
CE
CE
E
-
Y
-
Y
NE
EN (A1ce, B1abc)
CE
E
Wangiannachiltonia gotchi
V
-
-
CE
CE
E
-
Y
-
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Wangiannachiltonia guzikae
-
-
CE
CE
CE
CE
-
Y
Y
Y
NE
CE (A1ce, B1, B2bc) 
CE
E
Wangiannachiltonia olympicdamia
-
-
-
CE
CE
E
-
Y
-
Y
NE
V (A1ce, B1, B2abc)
CE
V
Wangiannachiltonia stuarti
-
-
-
-
CE
E
-
-
-
-
NE
V (D2)
-
-
Wangiannachiltonia wabmakdarbu
-
-
-
-
CE
V
V
-
-
-
NE
V (D2)
-
-
#1 It has undergone, is suspected to have undergone, or is likely to 
undergo in the immediate future:
#2 Its geographic distribution is precarious
Reduction in area of occupancy or 
extent of occurrence
Reduction in quality of habitat due to 
effects of introduced taxa or pollutants
Plus 2 or 3 of
174          
